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序論 
 
窒素原子を含有する天然有機化合物の中には興味深い生理活性を有するものが多く，その中に
は現代的な疾病の治療薬として応用できる可能性を有するものもある．例えば，キノリンアルカ
ロイドの camptothecin (1) は抗腫瘍活性，アザ糖類の 1-deoxynojirimycin (2) またはカルバ糖類の 
validamine (3) は糖代謝酵素阻害活性を有しており，現代の医療社会で問題となっている癌や糖尿
病の治療への応用が期待される (Figure 1)．また，近年全世界規模の感染拡大が懸念されている
インフルエンザウイルスは糖代謝酵素であるノイラミニダーゼによって増殖するため，糖代謝酵
素阻害活性物質はインフルエンザ治療薬としても応用が期待される．上記した天然物は，それ自
体は医薬品として用いられてはいないが，その誘導体が臨床に応用され，1 の誘導体である 
irinotecan (CamtosarR) が抗癌剤，アザ糖類の miglitol (SeibuleR) が糖尿病治療薬，カルバ糖類の 
oseltamivir phosphate (TamifluR) がインフルエンザ治療薬としてそれぞれ用いられている．しかし，
抗癌剤では強い副作用，インフルエンザ治療薬では薬剤耐性ウイルスの発生が問題となっており，
新たな薬剤の開発が日々求められている． 
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ところで，創薬の基本的な流れの中で，リード化合物の探索とその誘導体の合成は初期の重要
な段階であるため，その手段である有機合成化学が創薬研究に果たす役割は極めて大きい．任意
の構造の化合物を合成できる技術は新薬開発に活かされ，より高活性で副作用が軽減された有用
な薬剤を提供してきた．今後は，近年発達した化合物―標的分子間相互作用のコンピュータによ
る解析やハイスループットスクリーニングなどの創薬技術とともに含窒素化合物の効率的な合成
法の開発が期待される． 
 2
著者は含窒素生理活性天然物の効率的な合成法の開発に興味を抱き，特に含窒素六員環骨格を
有する天然物の合成方法論の開発を目的として研究に着手した．合成戦略としては，当研究室で
検討が行われていた「Lewis 酸を用いる 2-ピリジノン誘導体へのシリルケテンアセタールの共役
付加反応」に注目した．詳細は後述するが，本反応では三種類の付加生成物が得られ，4 位付加
体 5a または 5b は camptothecin (1)，6位付加体 6b は 2 のようなアザ糖類，環化付加体 7 は
アミド結合の切断により 3 のようなカルバ糖の合成に応用できる可能性を有している (Figure 
2)．そこで，本反応の位置選択性を制御して各付加体を選択的に合成し，それらを天然物合成に
応用することを目的として研究に着手した． 
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Figure 2: Lewis Acid-catalyzed Conjugated Addition Reaction of SKA-1 and its Products
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（１）ピペリジンアルカロイドの合成戦略 
－ピリジニウム塩あるいは 2-ピリジノン誘導体への炭素官能基導入法－ 
 高度に官能基化されたピペリジンアルカロイドは興味深い生理活性を有し，中枢神経刺激作用
を有する prosopinine，抗腫瘍活性を有する peudodistomin B あるいは Figure 1 においても示した
1-deoxynojirimycin (2) のようなアザ糖類などが知られている．特に，アザ糖類は糖代謝酵素阻害
活性を有することから，近年糖尿病の薬として注目され，α-グルコシダーゼ阻害活性を有する 
miglitol (SeibuleR) がすでに医薬品として用いられている．また，他の糖代謝関連疾患への応用も
検討され，糖脂質分解酵素の活性に異常が見られる Gaucher 病の治療薬として，糖脂質合成酵素
阻害活性を有する miglustat (ZavescaR) が開発されている (Figure 3)．今後，ピペリジン誘導体の
さらなる臨床応用が期待され，効率的な合成法の開発が求められると予想される． 
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 ピペリジン誘導体の合成戦略 1) は，光学活性な原料から立体選択的に鎖状化合物を合成後，閉
環する方法と，含窒素芳香環に官能基を導入していく方法に大別できる．後者に注目してみると，
ピリジニウム塩 2) またはジヒドロピリジン誘導体 3) に対する官能基導入法が盛んに研究され，
Comins らによって光学活性なアシルピリジニウム塩に対する炭素求核剤の不斉付加反応が開発
されている (Scheme 1) 4a)．彼らは，アシルピリジニウム塩 8 に対して有機銅試薬を反応させて
炭素鎖を導入した後，10 のカルボニル基の α 位をヒドロキシル化し 11 へと変換している．続
いて，カルボニル基の立体選択的な還元を行い，二重結合をジヒドロキシル化して 13 へと導き，
脱保護を行って 1-deoxynojirimycin (2) の合成に成功している 4b)．このように彼らは，ピリジニ
ウム塩に対して炭素求核剤の付加反応を行った後，ピペリジン環内の二重結合やカルボニル基を
利用してさらに官能基を導入し，数多くの天然物の合成に成功している 4)．この事実は，9 のよ
うなテトラヒドロピリジン誘導体が優れた合成素子であり，それを短工程で合成できる含窒素六
員環芳香族化合物への炭素官能基導入反応が合成化学的に有用であることを示している． 
N
OMe
Si(iPr)3
N
CO2R*
O
Si(iPr)3
CO2R*
Cl
 (−)-trans-2-
 (α-cumyl)cyclohexyl
Me
Me
PhR* =
64% yield, 90% de
1) BnOCH2(2-Th)Cu(CN)Li2
2) H3O+
BnO
N
H
OH
OHHO
HO
Comins, D. L. et al. Tetrahedron Lett. 2001, 42, 6839.
Scheme 1: Addition Reaction of Nucleophile to Acyl Pyridinium Salt and its Synthetic Application
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 4
Cominsらの方法では当量の不斉補助基が必要であるが，近年になって不斉配位子を用いる触媒
的不斉反応も開発されるようになり，Shibasaki らによってシアノ基単位 5), Maらによってプロピ
オン酸単位 6) の付加反応が報告されている (Scheme 2)． 
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 他の入手容易な含窒素六員環芳香族化合物としては，2-ピリジノン誘導体を挙げることができ
る．2-pyridinone (A) は 2-hydroxypyridine (B) と互変異性体の関係にある化合物であり，平衡は 
2-pyridinone 側に偏っているものの，依然として芳香族性を有することが知られ，Beak は紫外ス
ペクトルによって，両者の存在比率を cyclohexane 中室温で A:B = 1.6:1 と算出している (Figure 
4) 7)．2-ピリジノン誘導体はその芳香族性のために求核剤に対する反応性が低く，環内の二重結
合部を求核付加反応に関与させることは一般に困難である． 
NN
H
O OH 10−7 M in cyclohexane
at room temperatureA B
A : B = 1.6:1
Beak, P. Acc. Chem. Soc. 1977, 10, 186.
Figure 4 : Tautomerism of 2-Pyridinone
 
 
2-ピリジノン誘導体への炭素官能基導入法は，主に付加環化反応が研究されてきた 8)． Posner 
らは 2-ピリジノン誘導体 14 をジエンとしてアザビシクロ[2.2.2]オクタン化合物 15 を合成する
反応 9)，Fujita らは 16 をジエノフィルとしてヘキサヒドロキノリン化合物 17 を合成する反応 
10) をそれぞれ報告しているが，いずれも高温・長時間の条件を必要としている (Scheme 3)． 
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しかし，Okamura らが報告しているように，N-tosyl-3-hydroxy-2-pyridinone (18) に塩基を添加す
ることにより 2-ピリジノン環内ジエン部の HOMO のエネルギーを高くすると，温和な条件でア
ザビシクロ[2.2.2]オクタン化合物 19 を合成することができる (Scheme 4) 11)．このように，反応
性の低い 2-ピリジノン環の活性化が，2-ピリジノン誘導体を基質とする反応の開発において重要
な要素になる．19 は，二重結合部への立体選択的な官能基修飾が可能と期待され，さらにアミド
結合の切断により多置換シクロヘキサン化合物を与えるため，有用な合成素子であると考えられ
る．実際に Okamura らは，19 のアミド結合を開裂して 20 へ変換後，エステル部の還元および
過ヨウ素酸開裂を行いシクロヘキセノン 21 へと導き，さらにカルボニル基の立体選択的な還元
およびエポキシドの開環を行い，カルバ糖類の validamine (3) のラセミ体合成を達成している 11b)． 
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CO2Me
MeO2C
NHTs
OH
NHTs
O OH
NHTs
OH OH
O
1) LiBH4
2) NaIO4
1) NaBH(OAc)3
2) MCPBA
NaOMe
Okamura, H. et al. Heterocycles 2006, 68, 2587.
18
19
20
21 322
 
 
一方， 2-ピリジノン誘導体への炭素求核剤の共役付加反応は，ピペリジンアルカロイドの合成
に有用であると期待されるが，報告例は少ない．Sośnicki は 23 に対してマグネシウムアート求
核剤 24 を用いて反応を行い，6位選択的にアリル基を導入することに成功している (Scheme 5) 
 6
12)．生成物のテトラヒドロピリジン化合物 25 または 26 は，ラクタムカルボニル基あるいは二
重結合を足場としてさらなる官能基修飾が可能であると期待され，合成化学的に魅力的な素子で
あると考えられる．しかし，アリル基と環内二重結合を区別して官能基変換を行うのは困難であ
るため，他の求核剤への適用，不斉反応への応用という面で研究の余地が残されている． 
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（２）Lewis 酸を用いる 2-ピリジノン誘導体へのシリルケテンアセタールの共役付加反応 
－当研究室における研究の経緯－ 
前述の背景の下，当研究室では，Lewis 酸を用いる環内二重結合への求核剤の共役付加反応に
よる，2-ピリジノン誘導体の官能基化法の開発を検討してきた (Figure 5)．2-ピリジノン誘導体は，
先に触れたように芳香族性を有する化合物であるが，ベンゼン誘導体とは異なり，環内に電子求
引性の窒素原子を有するため共役付加反応が可能であり，カルボニル基を Lewis 酸で活性化する
ことによりその反応が容易になると考えられる．また，平面構造のため不斉配位子を用いれば面
選択的な反応が可能であると予想される．加えて，反応の 4位または 6位への位置選択性を制御
し，Lewis 酸を触媒化できれば，有用な反応になると期待した． 
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実際には，窒素原子上に電子求引性のトシル基または Boc 基を導入した 4a または 4b を基質
として，様々な官能基へと変換可能な酢酸エチル単位の導入を検討してきた．当研究室の安斎と
佐久間がシリルケテンアセタール  SKA-1 を求核剤として反応を検討した結果，触媒量の 
TBSOTf 存在下，4a からは 4 位付加体 5a が選択的に得られ 13)，4b からは主生成物の 4 位付
 7
加体 5b とともに，6位付加体 6b も得られることが分かった (Table 1) 14)．また，4a ではアル
ミニウム，4b では亜鉛を中心金属とする Lewis 酸でも触媒量で反応が進行した．4a からは，少
量のアザビシクロ[2.2.2]オクタン化合物 7 が得られることも明らかになった． 
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窒素原子上にベンジル基を有する 4c では反応が進行しないことから (Scheme 6)，本反応を収
率良く進行させるためには，基質上にラクタムカルボニル基の他に最低一つの電子求引基が必要
であることが示唆された． 
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反応機構は，Figure 6 に示したように予想されている．基質 4a のラクタムカルボニル基が 
Lewis 酸で活性化されてシリルケテンアセタール SKA-1 の共役付加反応が進行した後（C また
は E），TBSOTf を用いた場合にはトリフレートアニオンが TBS 基を補足し (D)，それ以外の
Lewis酸を用いた場合にはシリル基の転位反応が進行し (F)，触媒が再生すると考えられた．なお，
N,O-シリルケテンアセタール 5a-SKA は，反応終了後に溶媒を留去した残渣の中に存在すること
が 1H-NMR スペクトルの測定によって確認されており，反応系中にも存在していることが間接的
に示されている．5a-SKA は H2O を加える後処理によって加水分解され 5a へと変換される． 
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4 位付加体 5a あるいは 5b ならびに 6 位付加体 6b は二重結合やラクタムカルボニル基を足
場にして，ピペリジン環上にさらなる官能基導入が可能なため，合成化学的に有用であると考え
られる．実際に当研究室の城下は，4 位付加体 5a の各官能基を順次変換し，インドールアルカ
ロイド corynantheidol の合成中間体 30 へと導いている (Scheme 7) 13)．まず，5a のラクタムカ
ルボニル基を官能基選択的に還元後，中程度の選択性で α-OEt アミナール 27 へと変換している．
さらに，二重結合を利用して 5位に臭素原子を導入後，アルキン単位を導入して 29 へと誘導し，
続いてエステル部を還元して，二環性化合物 30 を合成している．各中間体に対しては，反応条
件の精査により官能基選択的，立体選択的な反応が可能であり，5a は優れた合成素子であると言
える． 
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Scheme 7: Synthetic Study of Corynantheidol
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また，4位付加体 5a は，ラクタムカルボニル基を足場にして 3位に，二重結合を足場にして 5
位に，同一の官能基を導入することも可能と考えられるため，潜在的対称性を有しているとみな
せる (Scheme 8, 31 vs. 32)．よって，5a の光学活性体を合成できるのであれば，一方の鏡像体か
 9
ら標的化合物の両鏡像体を合成できる可能性がある． 
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Scheme 8: Potential Symmetry of 5a
32 31  
 
一方，6位付加体は，Figure 3 に見られるようなピペリジン骨格 2位に炭素鎖を有する天然物
の合成に有用な素子であると考えられる．しかし，Table 1 (entries 3 and 4) に示したように，
N-tosyl-2-pyridinone (4a) あるいは N-Boc-2-pyridinone (4b) を基質とした際には，4位付加体が優
先的に生成し，6位付加体は 20% 程度の低収率でしか得られていない．そこで，当研究室の佐久
間は，4位をベンジルオキシ基で置換した 33 を基質として反応を検討した結果，SKA-1 はベン
ジルオキシ基の 4 位への電荷供与および立体反発を避けるようにして，6 位選択的に反応が進行
し，34 が得られることを見出した (Scheme 9) 14)．しかし，ベンジルオキシ基の電子供与性のた
めに求核剤に対する基質の反応性が低下し，反応の完結に長時間を要している．ところで，当研
究室の加藤は，本反応系内で生成している 34-SKA に対して後処理を行うことなく，MCPBAを
作用させることにより 5 位に水酸基を導入して 35 を得，2-ピリジノン誘導体への連続的な官能
基導入を行っている (Scheme 9) 15)．このように，系内で生成している N,O-シリルケテンアセター
ルは求電子試薬と反応させることができ，本反応を連続反応へと応用できることが分かった． 
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Scheme 9: Reaction of 4-Benzyloxy-2-pyridinone Derivative
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また，含窒素二環性化合物 7 は先に述べたように，収率良く合成することには成功していない
が，アセタール部位の分解を行って得られる 36 は，二種類のカルボニル基および二重結合を有
し，立体選択的な官能基導入が可能と期待され，インフルエンザ治療薬 oseltamivir phosphate を
はじめとするカルバ糖類の良い合成中間体になりうると考えられる (Scheme 10)． 
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Scheme 10: Azabicyclo[2.2.2]octane Compound
(Tamiflu )
oseltamivir phosphate
 
 
著者は，本反応を合成化学的により有用な反応へと発展させるために，二つの課題を解決する
必要があると考えた．一つ目の課題は，反応の位置選択性の制御である．4 位選択的な反応は開
発できているが，実用性の高い 6位選択的な反応の開発およびアザビシロ[2.2.2]オクタン化合物の
収率向上にはまだ成功していない．本反応で得られる 3 種類の付加体をそれぞれ選択的に合成で
きる反応条件を開発することができれば，より多彩な含窒素天然物の合成が可能になる． 
二つ目の課題は，不斉反応への応用である．本反応は触媒量の Lewis 酸で進行するため，触媒
量の不斉配位子の利用によってエナンチオ選択的な反応へと応用できる可能性を有している．当
研究室の佐久間は，4b を基質とし，不斉配位子としてビスオキサゾリジン L1 または L2 を用
いて反応を試みたが，不斉がまったく誘起されないという結果が得られており 14)，基質および不
斉 Lewis 酸のさらなる検討が必要とされていた (Scheme 11)． 
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Scheme 11: Attempt to Asymmetric Reaction with Chiral Lewis Acid to 4b
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（３）著者が行った反応開発の概略 
－メトキシカルボニル基を有する 2-ピリジノン誘導体の反応－ 
以上の背景に基づき，著者は Lewis 酸を用いる 2-ピリジノン誘導体へのシリルケテンアセター
ルの共役付加反応に関して，その位置選択性の制御と合成化学的応用を目的として研究に着手し
た．反応の検討に当たっては，反応性の向上と位置選択性の変化を期待して，電子求引性のメト
キシカルボニル基を導入した基質 37c, 37b, 40b を用いた (Scheme 12 and Scheme 13)．特に，基
質の窒素原子上の置換基 [Bn (37c) vs. Boc (37b and 40b)] およびメトキシカルボニル基の置換位
置 [3-CO2Me (37b) vs. 5-CO2Me (40b)] が反応性に与える影響を比較検討した． 
 11
はじめに，窒素原子上にベンジル基を有する基質 37c を用いて反応を検討したところ，用いる 
Lewis 酸によって位置選択性が変化し，TBSOTf を用いた場合には 6位付加体 39c が，Et2AlCl を
用いた場合には 4位付加体 38c が優先的に生成することを見出した (Scheme 12)．また，TBSOTf 
は触媒量で反応が進行するのに対し，Et2AlCl は化学量論量を必要とするという違いも見られた．
それらの反応性の差異に関して考察するとともに，反応機構を予想した．詳細は第一章第一節で
述べる． 
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Bn 38c
4
40%
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OEt , Et2AlCl
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CH2Cl2, −40°C, 2 h
(110 mol%)
OEt
O
C6-adduct majorC4-adduct major
Scheme 12: Reactions of N-Bn-3-CO2Me-2-Pyridinone (37c)
 
 
 次に，窒素原子上に Boc 基を有する基質を用いて反応を検討した．その結果，メトキシカルボ
ニル基の置換位置によって位置選択性が逆転し，触媒量の Lewis 酸存在下，メトキシカルボニル
基を 3位に有する 37b からは 4位付加体 38b が選択的に，5位に有する 40b からは 6位付加体 
41b が優先的に得られた (Scheme 13)．また，40b に対し，2当量の Me3Al を作用させると含窒
素二環性化合物 42 が得られることも分かった．著者は，シリルケテンアセタール SKA-1 と 
Me3Al の相互作用に注目して反応機構の解明に向けて検討を行い，位置選択性の発現機構に関し
て考察した．また，40b を基質として不斉配位子を用いる不斉反応を検討した．詳細は第一章第
二節で述べる． 
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Scheme 13: Reactions of N-Boc-CO2Me-2-Pyridinone Derivatives
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（４）天然物の合成研究の背景と概略 
以上のような検討により，Lewis 酸を用いる 2-ピリジノン誘導体へのシリルケテンアセタール
の共役付加反応に関して反応性の知見を得ることができたので，本反応の合成化学的応用を目的
として天然物の合成研究に着手した． 
(20S)-Camptothecin (1) は 1966 年，Wall らによって中国産のヌマミズキ科の喬木 camptotheca 
acuminata から単離・構造決定された抗腫瘍活性天然物 16) である．特に固形癌に効果を示すこと
が明らかになったが，臨床試験において骨髄抑制や出血性膀胱炎などの重篤な副作用が発現した
ため，camptothecin そのものが医薬品として用いられることはなかった．しかし，トポイソメラ
ーゼ I を阻害する特異な作用機序から再び注目を集め 17)，活性の増強と副作用の軽減を目的に，
誘導体の構造活性相関研究が進められた．その結果，C, D, E 環部の修飾はあまり有効でなく，
A, B環部，特に 7, 9, 10位への置換基導入が効果的であるとともに，天然物の対掌体である (20R) 
体は不活性であることが明らかとなり 18)，現在までに topotecan および irinotecan が開発され，
臨床で用いられている (Figure 7)．Camptothecin 誘導体の研究は近年も盛んであり，水溶性の誘
導体が開発されたり 19)，誘導体を抗体と連結させて分子標的薬の開発を志向した研究などが行わ
れている 20)． 
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Figure 7: Camptothecin Derivatives
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 (20S)-Camptothecin (1) の合成は，1971年に Stork らによって最初のラセミ体全合成 21) が達成
された後，1972年に Corey らによって光学活性体の最初の全合成 22) が報告されている．その後
も，近年の Bennasar ら 23) や Boger ら 24) の合成にいたるまで，その誘導体の合成例も含めて，
数多くの合成報告例がある 25)．その中でも，Curran ら 26) と Comins ら 27) の合成は，多数の誘
導体合成を可能とするような経路で行われている． 
 Curran らは，ピリジン誘導体 43 に対して炭素鎖を導入して 45 を合成した後（反応機構につ
いては Scheme 15 を参照），分子内 Heck 反応により二環性化合物 46 を構築し，不斉ジヒドロ
キシ化を行って DE環部となるヒドロキシラクトン 47 を合成している (Scheme 14)．続いて，ピ
リジン環を 2-ピリジノン環へと変換後，窒素原子上にプロパルギル基を導入して 48 へと導き，
 13
最終段階で phenyl isocyanide との連続ラジカル反応を行って，(20S)-camptothecin (1) を合成して
いる．本法では，イソシアニド 49 に置換基を導入することで A 環部の，DE 環部の末端アセチ
レン部に置換基を導入することで B 環部の修飾がそれぞれ可能であり，irrinotecan の合成も行わ
れている． 
Scheme 14: Curran's Synthesis of (20S)-Camptothecin (1)
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  Comins らは，2-methoxypyridine を出発原料として，ピリジン環上にヒドロキシメチル基とヨ
ウ素原子を同一反応容器内で一挙に導入して 50 へと変換した後，メトキシ基の脱保護と同時に
ジオキサン化合物 51 へと導いている (Scheme 15)．続いて，ピリジン環 4 位をリチオ化し，不
斉補助基を有する α-ケトエステル 52 と反応させて不斉中心を構築後，酸処理を行い，DE 環部 
54 を合成している．最終段階で 54 とキノリン誘導体 55 との N-アルキル化および分子内 Heck 
反応を行い，(20S)-camptothecin (1) の合成を達成している．本法は非常に短工程で DE環を合成で
きる利点を有しており，多様なキノリン化合物と連結反応を行うことにより，効率的な誘導体合
成法となり得る． 
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Curran らと Comins らの合成戦略から明らかなように，多彩な camptothecin 誘導体を合成す
るためには，AB 環部（または A 環部）と DE 環部を最終段階で連結するコンバージェントな合
成経路が有効である．そこで著者は，DE環部 54 の簡易合成法の開発を目的として合成研究に着
手した．DE 環部は 2-ピリジノン環が δ-ラクトンと縮環した構造を有しており，前述した反応が
与える 4 位付加体 59 からの誘導が可能であると考えられる．合成に当たっては，3 位にアルコ
キシメチル基を有する基質 56 あるいはアルコキシカルボニル基を有する基質 58 に対して酢酸
単位を導入する経路を計画し，それぞれに関して検討を行った (Scheme 16)．ラクトン部の不斉
炭素上の水酸基は，Davis らによって開発された光学活性なオキサジリジン誘導体 61 28) を用い
て導入することを計画した．詳細は第二章第一節で述べる． 
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Scheme 16: Synthetic Plan of Camptothecin DE ring System (54)
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次に，awajanomycin (62) の合成研究に着手した．Awajanomycin は 2006年に Jang らによって
淡路島近海に生息する真菌類 Acremonium sp. AWA16-1 から単離された抗腫瘍活性天然物であり，
ヒトの肺上皮腫 A549 細胞に活性を示す (IC50 = 27.5 µg/mL) ことが分かっている (Figure 8) 29)．
Jang らは，二環性部位の相対配置は決定しているが，絶対配置と側鎖部位の相対配置は未決定で
ある．二環性部位は γ-ラクトン-δ-ラクタム構造を有し，4つの連続した不斉炭素を持つため，合
成化学的には困難が予想され，いまだに awajanomycin の全合成は報告されていない．そこで著
者は，全合成と立体配置の決定を目的として合成研究に着手した． 
NH
O O
Me
C7H15
OH
O
HO
*
Awajanomycin (62)
Figure 8
 
 
合成に当たっては，二環性部位 63 と側鎖部位 64 を最終段階でクロスメタセシス反応によっ
て連結する経路を計画し，二環性部位は前述した反応を用いて合成できる 66 のエナミド部に対
し，立体選択的に官能基を導入することにより構築できると考えた (Scheme 17)． 
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Scheme 17: Synthetic Plan of Awajanomycin (62)
 
 
光学活性体の合成と天然物の立体配置の決定に関しては次のように計画した．側鎖部位 64 と
二環性部位 63 の両対掌体を合成後，両者をそれぞれ連結して awajanomycin (62) の 4 種類のジ
アステレオマーを合成し，天然物の各種機器データと照合することを考えた．側鎖部位 64 に関
してはすでに両対掌体の合成法が報告されているが 30)，二環性部位に関しては，不斉合成法およ
び光学活性体の絶対配置の決定を検討する必要があった．まずは，経路確立のためラセミ体合成
の検討を開始した．詳細は第二章第二節で述べる． 
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本論 
第一章 3位または 5位にメトキシカルボニル基を有する 2-ピリジノン誘導体へのシリルケテン
アセタールの共役付加反応 
第一節 窒素原子上にベンジル基を有する基質の反応 
 
序論でも述べたように，著者は，2-ピリジノン誘導体へのシリルケテンアセタールの共役付加
反応における位置選択性の制御を目的として研究に着手した．基質にはラクタムカルボニル基以
外に 2-ピリジノン環を活性化するための電子求引基が必要であるため，メトキシカルボニル基を
3 位または 5 位に導入した基質を用いて，その反応性を検討することにした．始めに，窒素原子
上にベンジル基を導入した基質を用いて反応を検討した． 
 
（１）反応基質の合成 
基質は，入手容易な 2-hydroxynicotinic acid (68) と 6-hydroxynicotinic acid (69) を出発原料とし
て，以下のように合成した (Scheme 18)．68 を methanol 中，SOCl2 と反応させてメチルエステ
ル 37d へと変換後，LiHMDS で処理した後 benzyl bromide と反応させて 37c を合成した．40c 
も 69 から同様の反応条件を用いて合成した．58a は，68 を 2当量の NaH および benzyl bromide 
と反応させて合成した．続けて，加水素分解を行いカルボン酸 70 へと変換した後，EDCI と 
DMAP を用いて 1,1,1,3,3,3-hexafluoroisopropanol との縮合を行い，ヘキサフルオロイソプロピル
エステル 58b を合成した．58b は，電子求引性のヘキサフルオロイソプロピル基によって 2-ピ
リジノン環上の電子密度が低下すると考えられるため，反応性の向上を期待した． 
N
H
O
CO2MeSOCl2, MeOH
reflux, 1.5 h
37d
N
H
O
CO2H
68
N O
CO2Bn
Bn
NaH, BnBr
DMF-HMPA (4:1), 0°C, 16 h
94%
N O
CO2Me
Bn
LiHMDS, BnBr
THF, −20°C to rt, 48 h
82%88%
58a
37c
N
H
O
CO2H
68
70
H2, Pd/C
THF, rt, 3.5 h N O
CO2H
Bn
N O
Bn
O
O
CF3
CF3
, EDCI, DMAPHO CF3
CF3
CH2Cl2, 0°C to rt, 14 h
58b2 steps, 84%
Scheme 18-1: Syntheses of N-Bn-CO2R-2-Pyridinones
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N
H
O
MeO2C
N
H
O
HO2C SOCl2, MeOH
reflux, 1.5 h
71%
LiHMDS, BnBr
THF, 0°C, 19 h
82%
N O
Bn
MeO2C
40c40d69
Scheme 18-2: Syntheses of N-Bn-CO2R-2-Pyridinones
 
 
（２）メトキシカルボニル基を 3位に有する基質の反応 
はじめに，メトキシカルボニル基を 3 位に有し，窒素原子上にベンジル基を導入した基質 37c
を用いて反応を検討した (Table 2)．種々の Lewis 酸を検討した結果，TBSOTf を用いた時には 6
位付加体 39c が，Et2AlCl を用いた時には 4 位付加体 38c が優先して得られることが分かった
(Table 2; entries 1 and 3)．また，本反応は触媒量の TBSOTfで良好に進行したが， Et2AlCl につい
ては化学量論量を用いないと良好な結果が得られないという違いも明らかとなった (Table 2; 
entries 2 and 3)．序論で述べた N-Ts- または N-Boc-2-pyridinone (4a or 4b) を用いる反応の検討 
(Table 1) で良好な結果を与えた Me3Al と Zn(OTf)2 を用いて反応を検討したが，Et2AlCl と同様
に触媒量では反応はほとんど進行せず，1 当量を用いても低収率または物質収支の低下という結
果を与えた (Table 2; entries 4-7)．BF3・OEt2, TiCl4 では，基質または生成物が反応条件に不安定で
あるためか，物質収支が著しく低下した (Table 2; entries 8 and 9)．なお，Lewis 酸を加えなければ
本反応は進行しないことを確認している．4位付加体 38c は，いずれの Lewis 酸を用いた時にも，
cis 体と trans 体の比率が 1:10 程度のジアステレオマー混合物として得られた． 
TBSOTf (10)
Et2AlCl (50)
Et2AlCl (110)
Me3Al (15)
Me3Al (100)
Zn(OTf)2 (30)
Zn(OTf)2 (100)
BF3 OEt2 (100)
TiCl4 (100)
recovery (37c)38c a 39c
yield(%)
Lewis acid (mol%)entry solvent temp. (°C) time (h)
1
2
3
4
5
6
7
8
9
ClCH2CH2Cl
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
ClCH2CH2Cl
ClCH2CH2Cl
CH2Cl2
CH2Cl2
−20
−40
−40
−40
−40 to −20
−20
0
−78
−78
38
12
2
24
26
24
21
28
4
40
−
11
−
9
10
7
−
−
15
13
40
6
20
11
−
17
10
16
50
31
65
68
67
50
8
43
N N
Bn
N
Bn
OTBS
OEt
solvent,  temp.,  time
+
, Lewis acid
O
CO2Me
Bn
O
CO2Me
O
OEt
O
CO2Me
37c
SKA-1
38c
4
Table 2: Optimization of Lewis Acid in the Reaction of N-Bn-3-CO2Me-2-pyridinone (37c)
6
EtO
O
39c
a C4-adduct was obtained as an inseparable mixture of cis- and trans-isomer and the ratios between the isomers were
ca. cis:trans = 1:10 in each entry. The ratio was determined by the integration value of each compound in 1H-NMR spectrum. 
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4 位付加体 38c のうち優先的したジアステレオマーの 3，4 位の立体化学は，環内二重結合を
還元した 71 の 1H-NMR スペクトルにおいて 3，4位のプロトン間の結合定数が 9.6 Hzであり，
トランスジアキシャルの関係にあることと，3位プロトンと 5位アキシャルプロトンとの間にNOE
相関が見られたことから，trans であると決定した (Scheme 19)． 
N O
CO2Me
Bn
N O
CO2Me
Bn
trans-71
H2, Pd/C
AcOEt, rt, 7 h
76%
NOE
NOMeO2C
Ha
Hb
H
Bn
EtO2C
Jab = 9.6 Hz
trans
Scheme 19: Determination of the Stereochemistry of C4-adduct 38c
N O
CO2Me
Bn
cis-71
OEt
O
OEt
O
OEt
O
+
38c
3
4
3
4
 
 
TBSOTf または Et2AlCl を用いる反応条件は，ベンジルエステル 58a または電子求引性のヘキ
サフルオロイソプロピル基 31) を導入した 58b にも適用できる (Table 3)．58aは，メチルエステ
ル 37c と同様の反応性を示した (Table 3; entries 1, 2, 4, and 5)．58b を TBSOTf 存在下反応させ
た場合には，位置選択性が変化し，4位付加体が優先的に得られ，両付加体の合計収率は 58a と 
37c の場合に比べて向上した [Table 3; entry 1 (49%), entry 3 (71%), entry 4 (55%)]． 
R = Me
Lewis acid (mol%) solvent temp. (°C) time (h)
ClCH2CH2Cl
CH2Cl2
−20
−40
24
2
TBSOTf (15)
Et2AlCl (110)
R = CH(CF3)2 TBSOTf (15) ClCH2CH2Cl −20 24
recovery
20 (38c)
40 (38c)
49 (72b)
35 (39c)
11 (39c)
22 (73b)
25 (37c)
31 (37c)
20 (58b)
C4-adduct C6-adduct
yield (%)
entry
4
5 b
3
substrate
1
2 a
R = Bn TBSOTf (15)
Et2AlCl (105)
ClCH2CH2Cl
CH2Cl2
−20
−40
27
5
13 (72a)
53 (72a)
36 (73a)
27 (73a)
51 (58a)
−(58a)
(58b)
(37c)
N N
Bn
N
Bn
OTBS
OEt
solvent,  temp.,  time
+
, Lewis acid
O
CO2R
Bn
O
CO2R
O
OEt
O
CO2R
58a: R = Bn
58b: R = CH(CF3)2
37c: R = Me
SKA-1 4
6
EtO
O
72a: R = Bn
72b: R = CH(CF3)2
38c: R = Me
73a: R = Bn
73b: R = CH(CF3)2
39c: R = Me
Table 3: The Reactions of Various N-Bn-3-alkoxycarbonyl-2-Pyridinones
(3.0 eq)
a 1.5 eq of SKA-1 was used.
b 2.0 eq of SKA-1 was used.  
 
上記の結果から，次に，比較的良好な結果を与えた TBSOTf と Et2AlCl に関して反応性の詳細
を調べることにした． 
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12
17
22
27
32
37
42
0 10 20 30 40
time (h)
y
i
e
l
d
 
(
%
)
38c39c37c
（２－１）TBSOTfを用いる場合 
メチルエステル 37c を基質にして，両生成物の収率の経時変化を調べたところ，6位付加体 39c 
は増加し続けるのに対し，4位付加体 38c はある時点で減少に転じていることが分かった (Table 
4)．反応開始直後は 4位付加体が優先的に生成しているが (Table 4; entry 1)，12時間後を境に 6
位付加体の方が多くなり (Table 4; entry 3)，38時間後からは両付加体の収率に大きな変化は見ら
れなくなった (Table 4; entries 6 and 7)． 
OTBS
OEt
ClCH2CH2Cl, −20°C
, TBSOTfSKA-1
entry time (h) recovery
(37c)
yield (%)
1
2
3
4
5
6
7
4 
8 
12 
18 
24 
38 
71
37c
N
Bn
O
CO2Me
N O
CO2Me
Bn
O
EtON O
CO2Me
Bn
+
39c38c
6
4
(10 mol%)
15
23
28
37
35
40
44
22
25
26
19
20
15
15
41
27
26
20
25
16
21
Table 4: Time Course of the TBSOTf-catalyzed Reaction
(3.0 eq)
OEt
O
C4-adduct
(38c)
C6-adduct
(39c)
 
 
この実験結果から，4位付加体と 6位付加体それぞれの N,O-シリルケテンアセタール 38c-SKA，
39c-SKA の間に平衡が存在していることが示唆された (Figure 9)．38c-SKA は TBSOTf による
逆反応によって基質 37c に変換されるか，再度 SKA-1 と 6位で反応して 39c-SKA になると考
えられる． 
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OTBS
EtO
N O
Bn TBS
CO2R
6
OTf
N O
Bn
OTf
CO2R
TBSOTf
TBS N O
Bn
CO2Me
37c
37c
N
Bn
O
CO2Me
OTBS
OEt
TBSOTf
N
Bn
OTBS
CO2Me
OTBS
OEt
TBSOTf
39c-SKA
N
Bn
OTBS
CO2Me
EtO
O
38c-SKA
4
6
Figure 9 : Equilibrium Reaction in the Reaction of 37c
OEt
O
OEt
O
TBS
TBSOTf
OTBS
OEt
TBSOTf
OTBS
OEt
SKA-1 SKA-1
TBSOTf
 
 
平衡反応の存在を検証するため，以下の実験を行った．始めに，38c-SKA が反応系内に存在す
ることを確認するため，TBSOTf を用いて反応 (Table 2; entry 1) を行った後に，溶媒と過剰な試
薬を留去して得た残渣の 1H-NMR スペクトルを測定した．その結果，スペクトル中に，Scheme 20 
に示したように 38c から別途合成した 38c-SKA の各ピークが存在していたため，反応系内にも
38c-SKA が存在していることを確認した．別途合成した 38c-SKA の構造は，TBS 基上のメチル
基とメトキシカルボニル基，およびベンジル位のプロトンとの間に NOE 相関が見られたことか
ら，O,O-シリルケテンアセタール (38c-O,O-SKA) ではなく，N,O-シリルケテンアセタールである
ことを確認している． 
N O
CO2Me
Bn
38c
N
CO2Me
OTBS
Bn
38c-SKA
LDA, TBSOTf
THF-HMPA
−78°C to rt, 4 h
~90%
N O
Bn
O
EtO OTBS
OEt
OEt
O
OEt
O
38c-O,O-SKA
N OSi
O
OMe
Ph
tBuMe
Me
HH
NOE
NOE
Scheme 20: Synthesis of N,O-Silyl Ketene Acetal 38c-SKA
 
 
次に，合成した 38c-SKA に対し，先の反応条件と同様に TBSOTf とシリルケテンアセタール 
SKA-1 を加えて反応を行った (Scheme 21)．38c-SKA は酸性条件に不安定な化合物であると考え
られたため，ジエチルエーテル抽出物を精製することなく反応に用いた．実験の結果，4 位付加
体 38c を 30%，6位付加体 39c を 21% および 2-ピリジノン誘導体 37c を 23% の収率で与え，
シリルケテンアセタールの脱離反応と再付加反応 (Figure 9) を経由する 4位付加体 38c-SKA か
 21
ら 6 位付加体 39c-SKA への異性化反応の存在を実証することができた．すなわち，開始直後は
速度論的に有利な 4位付加体 38c が優先して生成するが，時間経過とともに熱力学的に有利な 6
位付加体 39c へと生成物が移動していると考えている． 
N O
Bn
O
EtO N O
Bn
ClCH2CH2Cl,  −20°C,  10 h
, TBSOTf 
 (20 mol%)
OEt
OTBS
N O
Bn
N
CO2Me
OTBS
Bn
+ +
SKA-1
37c39c38c
38c-SKA 30% 21%
23%
4
6
4 CO2Me
CO2Me CO2Me
OMe
O
OEt
O
(2.0 eq)
Scheme 21: Reaction of N,O-Silyl Ketene Acetal 38c-SKA (Demonstration of the Existence of
the Equilibrium Reaction)
 
 
なお，電子求引性のヘキサフルオロイソプロピル基を有する 58b を基質とした場合に見られた
位置選択性の変化 (Table 3) に関しては，58b ではメチルエステル 37c よりも 4位の反応性が高
いため，上記したような平衡は存在するが，37c の場合よりも 4 位への付加反応の活性化エネル
ギーが小さく，速度論的に有利な 4位付加体が優先的に生成したと考えている． 
次に，本反応条件の不斉反応への応用を検討した．窒素原子上に光学活性なフェネチル基 31) を
有する基質 74 を用いて TBSOTf の存在下反応を行えば，6位でジアステレオ選択的な共役付加
反応が進行すると考えた (Figure 10)． 
N O
CO2Me
Me Ph
N O
CO2Me
Me Ph
O
EtO
OTBS
OEt , Lewis acid
SKA-1 N
H
Ph
MeEtO
TBSO
74
OMe
O
O
Figure 10: Strategy of Asymmetric Reaction
75  
 
74 は Scheme 22 に示したように合成した．(S)-α-methylbenzylamine (76) を cyanoacetic acid と
縮合してアミド 77 へと変換後，Rodriges らの手法 33) に従って 1,1,3,3-tetramethoxypropane (78) 
と反応させて 2-ピリジノン誘導体 79 を合成した．続いて，79 のニトリル部を加水分解してカル
ボン酸 80 へと導いた後，メチルエステル 74 へと変換した． 
 22
CN
OHN
PhMe
N O
Me Ph
CN
N O
Me Ph
CO2H
N O
Me Ph
CO2Me
NH2
PhMe
, DCC, DMAP
CH2Cl2, 0°C to rt, 5.5 h
OMe
OMe
OMeMeO , HCl, NEt3
THF-H2O, 50°C to reflux, 21 h
KOH
EtOH, reflux, 28 h
SOCl2, MeOH
reflux, 2 h 4 steps 17%
from 76
CN
CO2H
76
77 79
80 74
Scheme 22: Synthesis of 2-Pyridinone 74
78
 
 
74 に対し，触媒量の TBSOTf 存在下 SKA-1 を加えて反応を行ったが，予想に反して 6 位付
加体 75 はまったく得られず，4位付加体 81 のほぼ 1:1の二種類のジアステレオマー混合物が生
成し，57%の原料を回収した (Scheme 23)．比較的小さいと予想していたメチル基の立体反発によ
って SKA-1 の接近は阻害され，立体障害の小さい 4位に反応が進行したと考えられる．81の 3，
4位の立体化学は，38c (Scheme 19) の場合と同様に trans であると予想している． 
N O
CO2Me
PhMe
N O
CO2Me
PhMe
EtO
O
OTBS
OEt , TBSOTf
SKA-1
74
*
N O
PhMe
Not obtained
75
ClCH2Cl2Cl, −20°C, 24 h
19%, d.r. = 1:1
(10 mol%) 4
6
(57% recovered)
(3.0 eq)
OEt
O
Scheme 23: The Reaction of 74
81c ds-81c
N O
PhMe
4
OEt
O
+
CO2Me CO2Me
 
 
（２－２）Et2AlClを用いる場合 
 次にEt2AlCl を用いる反応を詳細に検討した．メチルエステル 37c を基質として，Et2AlCl お
よび SKA-1 の量と付加体の収率との関係を調べた (Table 5)．触媒量の Et2AlCl では反応はほと
んど進行せず，大半の原料が回収されたため (Table 5; entry 1)，1.1当量の Et2AlClを用いて検討
を続けた．2当量の SKA-1 を加えることにより中程度の収率で 4位付加体を与えることが分かっ
たが，その場合にも原料を回収した (Table 5; entry 4)．長時間反応を行うと物質収支は著しく低下
したが，基質，生成物ともに反応条件に不安定であるためと考えている (Table 5; entry 3)．ベンジ
ルエステル 58a で反応を行うと，メチルエステルの場合よりも高い収率で付加体が得られ，原料
がほぼ消失したため，以降の検討は 58a を用いて行った (Table 5; entry 5)． 
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1
2
3
4
15
110
110
110
4
2
12
2
6 (38c)
16 (38c)
29 (38c)
40 (38c)
−
10 (39c)
3 (39c)
11 (39c)
85 (37c)
35 (37c)
15 (37c)
31 (37c)
OTBS
OEt , Et2AlCl
SKA-1
entry time (h) recoveryC6-adductC4-adduct
yield (%)
37c: R = Me
58a: R = Bn
N
Bn
O
CO2R
N O
CO2R
Bn
O
EtO
N O
CO2R
Bn
+ 6
4
Et2AlCl (mol%)
CH2Cl2, −40°C, time
SKA-1 (eq)
1.1
1.1
1.1
2.0
38c: R = Me
72a: R = Bn
39c: R = Me
73a: R = Bn
OMe
O
5 110 1.5 5 53 (72a) 27 (73a) trace (58a)
Table 5: Et2AlCl-prompted Reaction of N-Bn-3-CO2R-2-pyridinone
substrate
(37c)
(58a)
R = Me
R = Bn
 
 
 Et2AlClを用いる反応条件は，酪酸エステル由来のシリルケテンアセタール SKA-2 にも適用で
きることが分かった (Table 6)．58a に対し，SKA-2 の両幾何異性体を用いて反応を行うと，SKA-1 
の場合と同様に 4 位優先的に反応が進行し，2 種類のジアステレオマーが生成していることが分
かった．4位付加体 82 のジアステレオマー比をそれぞれ調べた結果，(E)-SKA-2 では 2:1 (Table 
6; entry 2) であったのに対し (Z)-SKA-2 では 1:4 (Table 6; entry 4) であり，優先して生成したジ
アステレオマーが逆転していることが分かった．また，TBSOTf でも反応は進行するものの，
SKA-1 を用いた場合 (Table 2) に比べて低収率にとどまり，4位付加体 82 の方が 6位付加体 83 
がわずかながら優先して生成した (Table 6; entries 1 and 3)．なお，82 のジアステレオマー比は，
(E)-SKA-2 では 1.1:1 (Table 6; entry 1) であったのに対し (Z)-SKA-2 では 1:1.2 (Table 6; entry 3) 
であり，ほとんど差は見られなかった． 
OTBS
OEt
OTBS
OEt
recovery (58a)82 (d.r.) 83 (d.r.)
yield (%)
entry SKA-2
N O
CO2Bn
Bn N O
CO2Bn
Bn
OEt
O
82
Et2AlCl
CH2Cl2
−40°C, 2 h
(105 mol%)
58a
(2.0 eq)
OEt
OTBS
SKA-2
(E)-SKA-2 (E:Z = 90:10)
(Z)-SKA-2 (E:Z = 8:92)
4
*
*
d.r. = diastereomer ratio
+
,
N O
CO2Bn
Bn
83
6
*EtO
O
*
1
2
3
4
Lewis acid (mol%)
TBSOTf (10)
Et2AlCl (105)
TBSOTf (10)
Et2AlCl (105)
−
11 (1:1.1)
8 (1.1:1)
68 (2:1)
10 (1:1.2)
51 (1:4)
7 (1.7:1)
6 (2:1)
59
8
73
32
Table 6: The Reaction between SKA-2 and N-Bn-3-CO2Bn-2-Pyridinone 58a
ClCH2CH2Cl
−20°C, 24 h
conditions
ClCH2CH2Cl
−20°C, 24 h
CH2Cl2
−40°C, 2 h
conditions
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 なお，4位付加体 82 の 3位，4位の立体化学は，82 をジアステレオマー混合物のまま二重結
合を還元した 84 の 1H-NMR スペクトルにおいて両異性体ともに 3，4位プロトン間の結合定数
が 9.6 Hzであったことから，38c の立体を決定した時 (Scheme 19) と同様に trans であると決定
し，82 の 2 種類のジアステレオマーはエトキシカルボニル基の α 位のエチル基の立体化学によ
るものであることを確認している (Scheme 24)． 
H2, PtO2
AcOEt, rt, 1.5 h
65%
NOMeO2C
Ha
Hb
Bn
EtO2C
Jab = 9.6 Hz
trans
Scheme 24: Determination of the Stereochemistry of C4-adduct 82
N O
CO2Bn
Bn
OEt
O
82
4
*
*
N O
CO2Bn
Bn
OEt
O
84
4
*
* 3 3
 
 
 シリルケテンアセタールの立体化学によって，4 位付加体のジアステレオマー比が変化した実
験結果について考察し，遷移状態と反応機構を予想することにした．考察に当たっては，アルド
ール反応の立体選択性を説明する一般的な考え方を参考にした a． 
                                                        
a一般にアルドール反応の立体選択性は次のように説明される 34) ．ホウ素エノラートを用いた場合のよう
に六員環の環状遷移状態を経由する場合 (Figure 11) には，基質同士の 1,3-ジアキシャル相互作用 (R1 と 
R2) によって，(E)-エノラートからは anti 付加体が，(Z)-エノラートからは syn 付加体が優先して得られる．
一方，シリルケテンアセタールを含むケイ素エノラートを用いた場合には非環状遷移状態 (Figure 12) を経
由し，付加体の生成比は，基質と Lewis 酸の立体的嵩高さに左右される．遷移状態は基質同士のゴーシュ
相互作用 (R1 と R3) によって影響を受けるので，ケイ素エノラートの立体化学には依存せず，E, Z どちら
のエノラートを用いても同一の付加体が優先するとされている． 
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Figure 11: Aldol Reaction via Cyclic Transition State
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非環状遷移状態として TS-1 および TS-2 を想定し，両遷移状態における基質 58a と SKA-2
との間の立体反発を考えた (Figure 13)．SKA-2 のエチル基が TS-1 では基質 58a の 2-ピリジノ
ン環と，TS-2 ではベンジルオキシカルボニル基との間に立体反発を起こす一方で，エトキシ基と
シリルオキシ基は基質からある程度離れており両者の配置が遷移状態に大きく影響することはな
いと考えられる．よって，遷移状態は SKA-2 の立体化学に関係なくエチル基の空間配置に影響
を受け，2 種類のジアステレオマーは同程度生成すると予想できる．非環状遷移状態を経由して
いることが明らかな TBSOTf を用いた場合には，確かに SKA-2 の立体化学によらず 1:1程度の
比率で両異性体が生成している．しかし，Et2AlCl を用いた場合には，その比率が明らかに逆転し
ている [(E)-SKA-2 では 2:1，(Z)-SKA-2 では 1:4] ため，TS-1, TS-2 のような非環状遷移状態の
みから反応が進行しているとは考えにくい． 
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Figure 13: Open Transition State Model for the Reaction between 58a and SKA-2
 
 
 そこで，Et2Al+ 35) を活性な Lewis 酸と考えて環状遷移状態を想定した (Figure 14)．58a には 2
箇所にカルボニル基があるが，立体的に配位結合を形成しやすいと考えられるエステルカルボニ
ル基を Et2Al+ が活性化すると予想して考察を進めた．遷移状態 TS-5 ではシリルオキシ基と 58a 
の立体反発を生ずるので，TBS 基と基質との立体反発が小さくなる遷移状態 TS-3 および TS-4 
を考えた．(E)-SKA-2 では TS-3 を，(Z)-SKA-2 では TS-4 を経由し，両者では逆のジアステレ
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Figure 12: Aldol Reaction via Acyclic Transition State
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オマーが生成することになる．これらの遷移状態では，優先するジアステレオマーが逆転した結
果を説明できるが，シリルケテンアセタールの EZ比とジアステレオマー比が一致しないため，す
べての反応が環状遷移状態で進行しているとは考えにくい． 
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Figure 14: Cyclic Transition State Model for the Reaction between 58a and SKA-2
 
 
 以上の考察から，反応機構を Figure 15 のように予想した．Et2AlCl は基質のエステルカルボ
ニル基とシリルケテンアセタールの酸素原子の両者と結合を形成し，環状遷移状態を経由して，
錯体近傍の 4 位で優先的に反応が進行すると考えた (A)．しかし，一部では非環状遷移状態でも
反応が進行していると考えられる (B)．Et2AlCl は触媒として作用しないことから，シリル基はア
ルミニウム原子と結合している酸素原子への転位反応を起こすことはなく，4 位付加体はアルミ
ニウムエノラートとして反応系内に存在すると考えられる (C)．アルミニウムエノラートは H2O 
を加える後処理によって 38c へと変換される (D)．  
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Figure 15: Possible Mechanism for the Et2AlCl-prompted Reaction
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（３）メトキシカルボニル基を 5位に有する基質の反応 
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次に，メトキシカルボニル基を 5位に有する基質 40c を用いて反応を検討した (Scheme 25)．
37c を用いた反応の検討 (Table 2) で良好な結果を与えた TBSOTf と Et2AlCl を用いて同様に
反応を行ったが，TBSOTf を用いた時に 4位付加体 85c を低収率で与えるのみで，Et2AlCl では
付加反応はまったく進行しなかった． 
TBSOTf
(10 mol%)
ClCH2CH2Cl, −10°C, 21 h
16%
N O
Bn
N O
Bn
O
OEt
MeO2C
MeO2C
85c
OTBS
OEt
(3.0 eq)
Scheme 25:  Reaction between N-Bn-5-CO2Me-2-pyridinone (40c) and SKA-1
SKA-1
40c
,
 
 
以上，窒素原子上にベンジル基を有する基質では，用いる Lewis 酸によって選択性が逆転する
という興味深い現象が見られたが，選択性は低く，収率も中程度であり，原料を回収することも
多かった．そのため，さらなる基質の活性化が必要であると考え，窒素原子上に Boc基を導入し
た基質を用いてさらに検討を行うことにした． 
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第二節 窒素原子上にBoc基を有する基質の反応 
 
（１）反応基質の合成 
基質の合成は Scheme 26 に示したように行った．メチルエステル 37d を acetonitrile 中，
di-tert-butyl dicarbonate および triethylamine と反応させて 37b を合成した．40b も 40d から同
様の反応条件を用いて合成した．両者とも，酸性条件および H2O には不安定であったため，反
応終了後は溶媒を留去した後，迅速にシリカゲルカラムクロマトグラフィーを行い精製した．ま
た，窒素原子上にトシル基を有する 37a および 40a は，37d または 40d を LiHMDS で処理し
た後，tosyl chloride と反応させて合成した． 
N
H
O
CO2Me
N O
CO2Me
(Boc)2O, NEt3
MeCN, rt, 8 h
94% Boc
N O
Boc
MeO2C
N
H
O
MeO2C
(Boc)2O, NEt3
MeCN, rt, 10 h
71%
37d 37b
40d 40b
N O
CO2Me
Ts 37a
N O
Ts
MeO2C
40a
Scheme 26: Syntheses of N-Boc-CO2Me-2-Pyridinone Derivatives
40d
LiHMDS, TsCl
THF, −20°C to rt, 6.5 h
52%
LiHMDS, TsCl
THF, −10°C to rt, 8 h
90%
37d
 
 
（２）メトキシカルボニル基を 3位に有する基質の反応 
 はじめに，メトキシカルボニル基を3位に有する 37b を基質として，Lewis 酸の検討を行った 
(Table 7)．触媒量の TBSOTf または Me3Al を用いた時には，それぞれ中程度の収率で 4位付加
体 38b を選択的に与えることが分かり，6 位付加体 39b はまったく得られなかった (Table 7; 
entries 1 and 2)．Zn(OTf)2 を用いた時には，収率の低下が見られた (Table 7; entry 4)．Me3Al は特
に高い反応性を示し，－78˚C，1.5時間で反応が終結し，シリルケテンアセタールの量を 1.1当量
まで減じても同程度の収率を与えた (Table 7; entry 3)．以上の結果から，Me3Al を用いた際の高
い反応性に注目して，Me3Al を用いる反応の詳細を検討することにした．なお，Boc 基と同じ電
子求引基であるトシル基を導入した基質 37a では，同様の条件を用いても共役付加反応は進行せ
ず，原料を回収した (Scheme 27)．その原因は不明であるが，37a ではトシル基との立体反発に
より，Lewis 酸がラクタムカルボニル基を活性化できないためと考えている． 
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Lewis acid (mol%)
37b
yield (%)entry
TBSOTf (15)
Me3Al (15)
Me3Al (15)
Zn(OTf)2 (15)
−78
−78
−78
−78 to −40
CH2Cl2, temp., time
4
N
Boc
O N
Boc
O
, Lewis acid
38b
CO2Me CO2Me
1
2
3a
4
54
62
56
42
OTBS
OEt
SKA-1
Table 7: Lewis Acid-catalyzed Conjugate Addition Reaction
of SKA-1 to N-Boc-3-CO2Me-2-Pyridinone (37b)
(3.0 eq)
a 1.1 eq of SKA-1 was used.
OMe
O
39b
N
Boc
O
CO2MeO
EtO
Not obtained
temp. (°C) time (h)
3.5
1.5
1.5
6
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N
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N
Ts
O
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38a
CO2Me CO2Me
OTBS
OEt
SKA-1
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O
39a
N
Ts
O
CO2MeO
EtOCH2Cl2
Lewis acid = TBSOTf, Et2AlCl, Me3Al
6and/or
Scheme 27: The Reaction of N-Ts-3-CO2Me-2-pyridinone (13a)
 
 
 本反応では，実際にはN,O-シリルケテンアセタール 38b-SKA が生成し，それを酸処理するこ
とによって 38b へと変換している (Scheme 28)．38b-SKA は酸を用いない後処理により単離す
ることも可能であり，基質 37b からの収率は 100% であったため，38b へと変換後の 58% とい
う収率は，酸による後処理で生成物が一部分解していることを窺わせる．なお，38b-SKA の構造
は，TBS 基上のメチル基とメトキシカルボニル基，および Boc 基上の tert-ブチル基のプロトン
との間に NOE 相関が観測されたことから，N,O-シリルケテンアセタールであることを確認して
いる． 
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Boc
OTBS
OEt , Me3Al
CO2Me (5 mol%)(1.1 eq)
CH2Cl2,  −78°C, 1.5 h N OTBS
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N O
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Scheme 28:  The Me3Al-catalyzed Reaction between 37b and SKA-1
56%
(1.1 eq) (15 mol%)
1 M HCl
 
 
 次に，第一章第一節において，Et2AlCl 存在下 58a と SKA-2 を反応させた時 (Table 6) と同様
に，37b に対し SKA-2 の両幾何異性体を用いて反応を行い，生成物 86 のジアステレオマー比
を調べた (Scheme 29)．その結果，(E)-SKA-2 を用いた場合には 1:2，(Z)-SKA-2 を用いた場合に
は 3:1 と，優先して得られるジアステレオマーが逆転していることが分かり，本反応は環状の遷
移状態を経由していることが示唆された [本章第一節（２－２）参照]． 
N O
Boc
CH2Cl2, −78°C, 1 h
OTBS
OEt
(1.1 eq)
, Me3Al
(15 mol%)
37b
SKA-2
N OTBS
Boc
O
OEt
86-SKA
CO2Me CO2Me*
*
95%
d.r. = 1:2
OTBS
OEt
(E)-SKA-2 (E:Z = 85:15 )
quant.
d.r. = 3:1
OTBS
OEt
(Z)-SKA-2 (E:Z = 15: 85)
Scheme 29: The Reaction between 37b and SKA-2
 
 
メトキシカルボニル基を 3 位に有する基質に関して，窒素原子上の置換基が Boc 基の場合 
(37b) とベンジル基の場合 (37c) で反応性を比較すると次のようになる． 
① Boc基を有する基質の方が，低温・短時間で反応が完結しており，反応性が高い． 
② ベンジル基を有する基質では用いる Lewis 酸によって位置選択性に変化が見られたのに対
し，Boc基を有する基質ではいずれの Lewis酸でも 4位選択的に反応が進行した． 
③ アルミニウムを中心金属とする Lewis酸を用いた場合に，Boc基を有する基質では触媒量で
反応が完結したが，ベンジル基を有する基質では化学量論量を要した． 
特に ③ の相違から，両基質の間で反応機構が大きく異なっていることが示唆された．反応機
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構に関する詳細は後に述べる． 
 
（３）メトキシカルボニル基を 5位に有する基質の反応 
 続いて，メトキシカルボニル基を5 位に有する基質 40b で反応を検討した (Table 8)．種々の
Lewis酸を触媒量用いて反応を検討したところ，広範な Lewis酸で反応が進行し，6位付加体 41b 
を主生成物，4位付加体 85b を副生成物として与えることが分かった．これまでの検討で良好な
結果を与えていた TBSOTf (Table 8; entry 1) や Me3Al (Table 8; entry 2) の他，Zn(OTf)2 (Table 8; 
entry 5)，Sn(OTf)2 (Table 8; entry 6) および FeCl3 (Table 8; entry 7) でも良好な収率で生成物を与え，
4 位と 6 位付加体の生成比に関しても大きな差は見られなかった．Me3Al は本基質に対しても高
い活性を示し，触媒量を 5 mol% に減じても同様の結果を与えた (Table 8; entry 3)．また，Lewis 酸
性の弱い Al(OEt)3 でも，反応温度を室温まで上昇させると反応が進行した (Table 8; entry 4)．本
基質 40b の反応に関しても，Me3Al を用いた時の反応の詳細を検討することにした． 
Lewis acid (mol%) temp. (°C) time (h)
−78 to −60
−78
−78
0 to rt
−40
−78 to −40
−78
5
2.5
3
4
2
9
1.5
70
73
71
58
62
69
58
28
21
19
24
28
20
18
40b 41b
85b 41b
yield (%)
entry
OTBS
OEt
CH2Cl2, temp., time
4SKA-1
6
N
Boc
O N
Boc
O N O
Boc
O
EtO
EtO
O
, Lewis acid
85b
1
2
3
4a
5
6
7
MeO2C MeO2CMeO2C
TBSOTf (10)
Me3Al (15)
Me3Al (5)
Al(OEt)3 (15)
Zn(OTf)2 (15)
Sn(OTf)2 (15)
FeCl3 (15)
(3.0 eq)
+
a ClCH2CH2Cl was used instead of CH2Cl2.
Table 8: Lewis Acid-catalyzed Conjugate Addition Reaction of SKA-1
to N-Boc-5-CO2Me-2-pyridinone (40b)
 
 
なお，窒素原子上にトシル基を導入した基質 40a においても反応は進行するものの，TBSOTf 
を用いた場合には 4位および 6位付加体がほぼ 1:1の割合で生成し，Me3Al を用いた場合には収
率が大幅に低下した (Table 9)．なお，６位付加体 41a は 41a’ との分離不能な混合物として得ら
れ，両者の比率は 1H-NMR スペクトルの解析により，41a : 41a’ = 6:1 と決定している． 
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Me3Al (15)
TBSOTf (10)
19
43
3
19
19
50
entry Lewis acid (mol%)
yield (%)
85a 41aa
1
2
, Lewis acid
N O
Ts
N O
Ts
N O
Ts
MeO2C
EtO
OMeO2CMeO2C
+
41a85a
OTBS
OEt
(3.0 eq)
SKA-1
40a
EtO
O
Table 9: Lewis Acid-catalyzed Conjugate Addition Reaction of SKA-1
to N-Ts-5-CO2Me-2-pyridinone 40a
solvent, temp., time
temp. (°C) time (h)solvent
CH2Cl2
ClCH2CH2Cl
−78 to −40
−20
a41a was isolated as a inseparable mixture with 41a'. The ratio between these isomers is ca. 6:1
for entries 1 and 2, which were obtained from analysis of their 1H-NMR spectrum.
N O
Ts
MeO2C
EtO
O
41a'
 
 
 40b を基質にした反応においても，37b の場合 (Scheme 28) と同様に，反応終了後に酸処理を
行うことにより，41b と 85b を得ているが，反応系内で生成している N,O-シリルケテンアセタ
ール 41b-SKA と 85b-SKA を単離することも可能である (Scheme 30)．41b-SKA の構造は，TBS
基上のメチル基と 2-ピリジノン環 3 位，および Boc 基上の tert-ブチル基のプロトンとの間に 
NOE 相関が見られたことから，N,O-シリルケテンアセタールであることを確認している． 
40b 41b-SKA
OTBS
OEt
SKA-1
N
Boc
O N
Boc
OTBSN OTBS
Boc
EtO
O
, Me3Al
85b-SKA
MeO2C MeO2C MeO2C
4
6
N
Boc
ON O
Boc
EtO
O
85b
MeO2C MeO2C
+
0.5 M HCl
THF, 0°C, 30 min
CH2Cl2,  −78°C, 2.5 h
(15 mol%)
5
41b 72% 22%
NOE
41b-SKA
6
N OSiEtO
O
MeO2C H
OtBuO Me
Me
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NOE
O
EtO
O
EtO
Scheme 30: The Me3Al-catalyzed Reaction between 40b and SKA-1
 
 
 40b に対しても SKA-2 の両幾何異性体をそれぞれ反応させ，付加体のジアステレオマー比を
調べた (Scheme 31)．SKA-2 を用いて反応を行うと 4位付加体 86 が選択的に得られ，6位付加
体 41b を優先的に与えていた SKA-1 を用いる場合とは位置選択性が逆転した．位置選択性の変
化に関する詳細は不明であるが，基質 6位が 5位のメトキシカルボニル基と窒素原子上の Boc 基
に挟まれている比較的立体的に込み入った環境にあるため，SKA-1 よりも嵩高い SKA-2 は基質
との立体反発を避けて 4 位に反応したと考えている．生成物 87 のジアステレオマー比は，
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(E)-SKA-2 を用いた場合には >10:1，(Z)-SKA-2 を用いた場合には 2.3:1 と，同一のジアステレ
オマーが優先的に生成していることが分かり，非環状遷移状態を経由していることが示唆された 
[本章第一節（２－２）参照]． 
N O
Boc
MeO2C
87%
d.r. = >10:1OEt
O
87
4
CH2Cl2, −78°C, 1 h
OTBS
OEt
(3.0 eq)
SKA-2
, Me3Al
(15 mol%)
N O
Boc
MeO2C
40b
OTBS
OEt
(E)-SKA-2 (E:Z = 85: 15)
89%
d.r. = 2.3:1
OTBS
OEt
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Scheme 31: The Reaction between 40b and SKA-2
 
 
（４）反応活性種の解明に向けて行った検討 
－シリルケテンアセタール SKA-1 と Me3Al の複合体－ 
 次に，40b を基質として反応の完結に必要なシリルケテンアセタール SKA-1 の量を調べたと
ころ，2当量を要することが分かり (Table 10; entry 3)，1当量 (Table 10; entry 1)，1.5当量 (Table 
10; entry 2) では加えた SKA-1 の半分しか基質と反応しないことが分かった (Table 10)．加えた
SKA-1の残り半分は求核剤とは別の形で消費されたと考えられる． 
CH2Cl2, −78°C, timeN O
Boc
N O
Boc
N O
Boc
MeO2C
EtO
OMeO2CMeO2C
+
41b85b
OTBS
OEt
(15 mol%)
Me3Al,
40b
SKA-1
entry time (h)
yield (%)
85b 41b
6
6
2.5
40
63
72
1.0
1.5
2.0
4
7
22
1
2
3
SKA-1 (eq) 85b + 41b
44
70
94
5
EtO
O
Table 10: Relation between Yield of Adducts and Amount of SKA-1
 
 
 上記の結果から，シリルケテンアセタール SKA-1 が Me3Al と何らかの相互作用をしていると
考え，Scheme 32 に示した実験を行った．Dichloromethane 中で 1当量ずつの SKA-1 と Me3Al を
－78˚C下撹拌し，基質 40b を加えた．1時間後の TLC では，付加反応の進行は確認できなかっ
たが，その後系内に別のシリルケテンアセタール (E)-SKA-2 を加えると反応が進行し，後から加
えた (E)-SKA-2 の付加体 87 が選択的に生成し，SKA-1 の付加体 41b は痕跡量しか確認されな
かった．Table 10 に示した結果と Scheme 32 に示した，SKA-1 が 40b と反応しないという結果
から，基質を活性化しているのは Me3Al ではなく，シリルケテンアセタール SKA-1 と Me3Al 
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の複合体であると考えた．そこで，この仮説を実証するため，SKA-1 と Me3Al の混合物を機器
分析により解析した． 
OTBS
OEt
Me3Al
1.0 eq
1.0 eq
in CH2Cl2 at −78°C
+
1 h20 min N O
Boc
MeO2C
72%, d.r. = >10:1
TLC check
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OEt
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N O
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41b
N O
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Scheme 32: Which SKA reacts with 40b?
 
 
 はじめにReact IRの測定を行った (Figure 16)．Me3Al の dichloromethane-hexane 溶液に－78˚C
下で，Me3Al に対して一当量の SKA-1 を加えると，2分後の測定で Spectrum B が観測され，
SKA-1 のピーク（Spectrum A）は全く観測されなかった．その 18分後，0.5当量の SKA-1 を加
えると，Spectrum B の各ピークとともに SKA-1 のピークが観測されるようになり，さらに 20
分後，0.5当量の SKA-1 を加えると，Spectrum C が観測された．この測定結果から，複合体の
形成が強く示唆され，その複合体は－78˚Cの測定条件下で安定に存在できることが分かった．ま
た，一当量以上の SKA-1 を加えると SKA-1 のピークがスペクトル上に現れることから，SKA-1 
と Me3Al の構成比率は 1:1であることが予想された． 
Me3Al
in CH2Cl2 at −78°C
OTBS
OEt
1.0 eq
major peaks
ν (cm−1)
1679
1547
1328
1231
1181
1679
1546
1328
1231
1181
1652
1281
1256
1084
1025
OTBS
OEt
SKA-1 Spectrum B
(hexane solution)
OTBS
OEt
0.5 eq
SKA-1 Spectrum C
OTBS
OEt
0.5 eq
SKA-1
1652
1281
1254
1084
1027
Spectrum A
SKA-1
Figure 16: React IR Experiment
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Spectrum C: IR Spectrum of the mixture of
SKA-1 and Me3Al (2:1) 
Spectrum B: IR Spectrum of the mixture of
SKA-1 and Me3Al (1:1) 
Spectrum A: IR Spectrum of SKA-1
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次に，1H-NMR (Spectrum D) および 13C-NMR (Spectrum E) の測定を行った (Figure 17)．
Dichloromethane-d2 中，−78˚Cにおいて 1:1の比率で混合した SKA-1 と Me3Al の混合物を −80˚C
で測定した結果，1H および 13C-NMR両スペクトルともに，ビニル部位 (1H: 3.01 and 3.13 ppm; 13C: 
58.4 and ca. 160 ppm) とメチレン部位 (1H: 3.71 ppm; 13C: 63.6 ppm) のピークがブローディングす
るという変化が見られ，化学シフトの値に若干の差が見られた．この測定結果から，複合体の構
造は，ピークの形状に変化が見られないシリルオキシ基ではなく(Al-cpx-2)，ピークの形状と化学
シフト値に変化が見られた部位により近いエトキシ基の酸素原子がアルミニウムに配位した構造 
Al-cpx であると推定した．ピークのブローディングは，SKA-1 と Me3Al の錯体形成が平衡反応
であり，その反応速度が遅いことを示していると考えられる．  
 ''TBS   ''
O
O
Si
Al
OTBS
OEt Me3Al CD2Cl2
+
SKA-1 −78°C Al-cpx
O
O
Si
??
SKA-1
δ (ppm) were shifted.
Peaks were broad.
Figure 17: 1H- and 13C-NMR Experiment
??
O
O
SiAl
Al-cpx-2
??
 
 
Spectrum D: 1H-NMR Spectrum of the mixture of SKA-1 and Me3Al at －80˚C 
Red line: 1H-NMR spectrum of SKA-1 
Black line: 1H-NMR spectrum of the mixture of SKA-1 and Me3Al 
 
CH2O
CH
H
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Spectrum E: 13C-NMR Spectrum of the mixture of SKA-1 and Me3Al at －80˚C 
Red line: 13C-NMR spectrum of SKA-1 
Black line: 13C-NMR spectrum of the mixture of SKA-1 and Me3Al 
 
－80˚C での測定の後，－20˚C および 0˚C まで昇温して同様の測定を行った結果，－20˚C では
ピークが若干ブローディングしたピークが観測され，0˚Cでは SKA-1単独で測定した時と同じ形
状のピークが観測された (Spectrum F)．この結果からも，この錯体形成が平衡反応であり，SKA-1 
と Me3Al が反応して新たな化合物が生成しているのではないことが分かった． 
CH
2
C
CH2O
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Spectrum F: 1H-NMR Spectrum of the mixture of SKA-1 and Me3Al at －80˚C, －20˚C and 0˚C 
 
以上の実験から，SKA-1 と Me3Al から形成される錯体の構造を Al-cpx と断定することはで
きないが，この錯体がケイ素カチオン TBS+ を供与して Lewis 酸として作用していると想定し，
以降の考察 [本節 (８) ] を行うことにした． 
 
（５）アザビシクロ[2.2.2]オクタン化合物の合成 
 SKA-1 と Me3Al から形成される錯体に関してその性質を調べる途上で，40bに対し，2当量の
Me3Alと 3当量の SKA-1を作用させると，二環性化合物 42 が得られることが分かった (Scheme 
33)．実際には，2当量ずつの SKA-1 と Me3Al を－78˚C下撹拌し，基質 40b を加え，付加反応
が進行していないことを TLC分析によって確認した後，さらにもう１当量の SKA-1 を添加して
反応を行った．この際に，4位と 6位の両付加体 85b および 41b は全く得られなかった．42 が
アザビシクロ[2.2.2]オクタン構造を有することを確認するため，42 の二重結合を還元した後，フ
ッ化水素酸を用いてアセタール部位を分解して 88 へと導いた (Scheme 34)．88 は，HMBCスペ
クトルにおいて 7 位炭素と 4 位プロトンとの間に相関が見られたことから，アザビシクロ[2.2.2]
オクタン構造を有することが分かった．さらに，13C-NMR スペクトルの 202.5 ppm のピークによ
ってケトン由来のカルボニル基の存在が確認でき，6位と 7位のプロトン間でW型の遠隔カップ
リングが観測されたことから，Scheme 34 に示した構造であると決定した． 
CH2Cl2
−20°C
−80°C
0°C
1H-NMR
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Scheme 33: Synthesis of Bicyclic Compound 42
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Scheme 34: Determination of the Structure of 42
NMeO2C
O
Boc
88
H
O
HMBC
2 steps, 62%
HH
long range coupling
4
6
7
 
 
 SKA-1 とMe3Al を１当量用いて Scheme 33 と同様に反応を行うと，二環性化合物 42 はまっ
たく得られず，4 位付加体 85b と 6 位付加体 41b および 2 当量の SKA-1 が付加したような化
合物 89 が得られた (Scheme 35)．この結果から 42 を得るためには，2 当量ずつの SKA-1 と 
Me3Al を用いることが重要であることが分かる． 
OTBS
OEt
40b
 −78°C
 2.5 h
20 min10 min
Me3Al
N O
Boc
N O
Boc
CO2Et
EtO2C
MeO2CMeO2C
41b: 39%85b: 6%
89: 13%
N O
Boc
MeO2C
OEt
TBSO
EtO2C
++
SKA-1
N O
Boc
MeO2C
(1.0 eq)
(1.0 eq)
OTBS
OEt
SKA-1
(1.0 eq)
Scheme 35: The Reaction of 40b in the presence of 1.0 eq of Me3Al
 
 
（６）不斉配位子を用いる不斉反応の検討 
 以上のように，窒素原子上に Boc 基を有する基質で，触媒量の Lewis 酸を用いる反応条件を
確立できたので，5位にメトキシカルボニル基を有する 40b を基質とし，不斉配位子を用いて不
斉反応を検討した (Figure 18)．不斉配位子としてビススルホンアミド L3 36) あるいは L4 37)，ジ
 40
オール L5 38) およびビスオキサゾリジン L1 39) を用いて，アルミニウム，亜鉛または銅を中心金
属とする不斉 Lewis 酸を触媒量調製して反応を行い，6 位付加体 41b の不斉収率を調べたが，
いずれの不斉 Lewis酸を用いた場合もラセミ体が得られるのみであった．なお，光学純度は HPLC 
測定 [DAICEL CHIRALCEL OD-H column: hexane-isopropanol (97.5:2.5), 0.5 mL/min flow rate, 
retention time t = 32.2 min and 36.9 min] を行って決定した．なお，不斉が全く誘起されなかった原
因は本節 (８) において考察する． 
N
Al
N
Tf
Tf
R
Ph
Ph
R = Me
R = iBu
ClCH2CH2Cl, −30°C, 4 h
41b: 62%, 85b: 21%
ClCH2CH2Cl, −30°C, 4 h
41b: 63%, 85b: 14%
O
N N
O
M
2   OTf
2 M = Zn
M = Cu
CH2Cl2, −40°C, 2 h
41b: 55%, 85b: 22%
CH2Cl2, −40°C, 2 h
41b: 22%, 85b: 15%
N
Al
N
Ts
Ts
Cl ClCH2CH2Cl, −30 to 50°C, 5 h
41b: 51%, 85b: 30%
Lewis acid
solvent, temp., timeN O
Boc
N O
Boc
N O
Boc
MeO2C
EtO
O MeO2C
MeO2C
+
OTBS
OEt
(3.0 eq) (15 mol%)
,
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（７）その他のシリルケテンアセタールの共役付加反応 
 本反応の合成化学的応用を視野に入れると，生成物は基質由来のアルコキシカルボニル基およ
びシリルケテンアセタール由来のアルコキシカルボニル基を併せ持つことになるため，選択的な
官能基変換に困難が予想される．そこで，基質に存在しているメトキシカルボニル基と区別可能
なエステルとして tert-ブチルエステルとチオールエステルを選択し，シリルケテンアセタール 
SKA-3 とシリルチオケテンアセタール SKA-4 の本反応への適用を検討した (Scheme 36)．基質 
40b に対し，SKA-3 を用いた場合には，触媒量の Me3Al 存在下，SKA-1 を用いた場合 (Table 8; 
entry 2) と比べて物質収支は若干低下するものの，6位付加体 91 がほぼ選択的に得られた．SKA-4 
を用いた場合には，Me3Al では反応は進行しなかったが，触媒量の FeCl3 存在下に中程度の収率
で反応がほぼ 6位選択的に進行し 93 が得られることが分かった． 
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Scheme 36: The Reaction between SKA-3 or SKA-4 and 40b
 
 
また，メトキシカルボニル基を 3 位に有する 37b を基質にしても同様の反応が可能であり，
SKA-3は触媒量の Me3Al 存在下，SKA-4 は触媒量の FeCl3 存在下で反応が進行し，中程度の収
率で 4位付加体 94 または 95 が選択的に得られた (Scheme 37)． 
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Scheme 37: The Reaction between SKA-3 or SKA-4 and 37b
SKA-3
SKA-4
 
 
（８）反応機構の考察 
窒素原子上に Boc基を有する基質の反応性に関して，これまでに得た知見と考察をまとめると
次のようになる． 
① シリルケテンアセタール SKA-1 と Lewis 酸から生成する錯体によって反応が進行してい
ることが示唆された [本節 (４) 参照]． 
② メトキシカルボニル基を 3 位に有する基質 37b では，4 位付加体が選択的に得られ，1 当
量の SKA-1 で反応が完結し，環状遷移状態を経由していることが示唆された [本節 (２) 
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参照]． 
③ メトキシカルボニル基を 5 位に有する基質 40b では，6 位付加体が優先的に得られ，反応
の完結には 2当量の SKA-1 を必要とし，非環状遷移状態を経由していることが示唆された 
[本節 (３) 参照]． 
 
これらの知見から反応機構を次のように予想した． 
メトキシカルボニル基を 3位に有する基質 37b (Figure 19) 
反応系内で SKA-1 と Me3Al から生じたアルミニウムの錯体 Al-cpx が TBS 基によって基質 
37b のラクタムカルボニル基を活性化する．その際，ラクタムカルボニル基は Boc 基との立体反
発を避けるように，メトキシカルボニル基側で TBS 基と配位結合を形成すると考えられる．そ
の後，環状遷移状態を経て，錯体により近い 4位で選択的に反応が進行し，Me3Al が再生する．
前述したように，本反応では N,O-シリルケテンアセタール 38b-SKA が生成しているため，基質
において活性化される部位はエステルカルボニル基ではなく，ラクタムカルボニル基であると考
えた． 
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Figure 19: Plausible Mechanism for the Me3Al-catalyzed Reaction
of N-Boc-3-CO2Me-2-pyridinone (37b)
 
 
メトキシカルボニル基を 5位に有する基質 40b (Figure 20) 
先の 40b の場合と同様に，アルミニウムの錯体 Al-cpx が TBS 基によって基質 40b のラク
タムカルボニル基を活性化する．この時，メトキシカルボニル基によっても活性化されている 6
位は，4 位よりも反応性が高くなっていると考えられる．しかし，環状遷移状態 (E) において基
質 6 位はシリルケテンアセタールの反応部位と距離が離れているために，環状遷移状態では反応
が進行せず，錯体はカチオン B とアルミニウムエノラート 96 へと分解すると考えた (A → B 
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+ 96)．ケイ素カチオンによって活性化された基質はもう一分子のシリルケテンアセタールと非環
状の遷移状態 (B) で反応して，付加中間体 C を与えるが，アルミニウムエノラート 96 は C の 
TBS 基を捕捉することによって α-シリルエステル 97 へと変換され，基質に対する求核剤とし
ては働かないと考えた b．また，2当量の SKA-1 が付加したような 89 (Scheme 35) は，中間体 C 
に対して SKA-1またはアルミニウムエノラート 96 が付加して生成したものと考えられ，反応系
内における C の存在を支持している (Figure 21)． 
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Figure 20: Plausible Mechanism for the Me3Al-catalyzed Reaction of N-Boc-5-CO2Me-2-pyridinone (40b)
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 この反応機構に従って，不斉配位子を用いて行った反応 (Figure 18) の結果を考察してみると，
                                                        
b TMS ケテンアセタールが触媒量のトリアルキルアルミニウム存在下，α-シリルエステルへと変換される反
応が報告されており，アルミニウムエノラート 96 が TBS基を捕捉してα-シリルエステル 97 となる機構
は十分に考えられる (scheme 38) 40)． 
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OTMS
CH2Cl2, −78°C, 4 h
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83%
Yamamoto, H. et al. Synlett 1991, 253.
Scheme 38
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SKA-1 が基質に付加する B’ の段階は不斉が誘起される環境になく，不斉配位子は金属エノラー
ト上に存在していたため，ラセミ体の 6位付加体を得るにとどまったと考えられる (Figure 22)． 
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*Figure 22: Consideration for the Failure of Asymmetric Reaction
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 二環性化合物 42 の生成機構に関しては，Figure 20 において基質 6位へ付加反応が進行した中
間体 Cから，アルミニウムエノラート 96 による TBS基の補足に伴い，分子内環化反応が進行し
て生成したと予想している (Figure 23)．しかし，二当量の Me3Al が必要となる理由は不明であ
り，本反応機構を支持する実験結果は得られていない． 
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Figure 23: Consideration for Generation of Bicyclic Compound 42
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 以上のように，窒素原子上に Boc 基を有する基質では，メトキシカルボニル基の置換位置によ
って反応の位置選択性が変化し，メトキシカルボニル基を 3位に有する基質 37b では 4位選択的
に，5位に有する基質 40b では 6位優先的に反応が進行することが分かった．また，40b からは，
2 当量の Me3Al を用いることによりアザビシクロ[2.2.2]オクタン化合物 42 が選択的に得られる
ことも分かった．不斉反応への応用が今後の課題であると考えている． 
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第二章 天然物の合成研究 
第一節 Camptothecin DE 環部の不斉合成 
 
序論でも述べたように，camptothecin (1) は抗腫瘍活性を示す天然物であり，AB環部に修飾を
加えた誘導体の研究が活発に行われている．著者は，誘導体合成の観点から，DE環部の簡易合成
法の開発を目的として合成研究に着手し，第一章で独自に開発した反応を合成化学的に応用する
ことにした (Scheme 39)． 
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Scheme 39: Camptothecin and its DE ring system
N O
R
R'
OTBS
OEt
SKA-1
(1) 54
,  Lewis acid
 
 
 合成に当たっては，Scheme 40 に示す二種類の合成経路を立案した．Route A は，3位にアル
コキシメチル基を有する基質 56 に酢酸単位を導入する経路である．研究開始時点では，前述し
た酢酸単位導入法に対する 56 の反応性は未知であり検討の必要があったが，ラクトン構築には
水酸基の脱保護を必要とするのみであり，効率的であると考えた．Route B は，前述した 3位に
アルコキシカルボニル基を有する基質 58 に酢酸単位を導入する経路である．基質の反応性は既
知であったが，ラクトン構築時には 3 位のエステル部のみを選択的に還元する必要がある．不斉
炭素上の水酸基は，ラクトン 60 に対し，Davis らによって開発されている光学活性なオキサジ
リジン誘導体 61 を用いる不斉ヒドロキシル化反応 28) を行い導入することにした． 
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 はじめに，Route A による合成を検討した．酢酸単位導入の基質となる 56a および 56b は，
次のように合成した．Blondeau らが報告している手法 41) に従って，2-chloronicotinic acid (98) か
ら合成したアルコール 99 を，ベンジルエーテル 100 へと変換後，系内で発生させた TMSI を
用いて 2-ピリジノン誘導体 101 へと導き，トシル基を導入して 56a を合成した (Scheme 41)．
また，アルコール 102 41) の窒素原子上にトシル基を導入して 103 へと導いた後，水酸基を MOM 
基で保護して 56b を合成した (Scheme 42)． 
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Scheme 41: Synthesis of 2-pyridinone 56a
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 56a または 56b に対し，Lewis 酸存在下，シリルケテンアセタール SKA-1 の共役付加反応を
試みた (Scheme 43)．序論および第一章で述べた検討において良好な結果を与えている TBSOTf，
Et2AlCl, または Me3Al を用いて反応を行ったが，望む付加成績体 57a または 57b の生成は見ら
れず，原料を回収するのみであったため，本経路による合成を断念した．Lewis 酸が，基質 3 位
の置換基との間に立体反発を生じ，基質のラクタムカルボニル基との配位結合を形成できないた
めに，望む反応が進行しないと考えている． 
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 次に，Route B による合成の検討を開始した．入手容易な 2-hydroxynicotinic acid (68) を出発原
料とし，第一章第一節で述べた手法を用いて，シリルケテンアセタール SKA-1 の 4位付加体 72a 
を合成した (Scheme 44)．続いて，テトラヒドロピリジン環を芳香化する反応を検討し，活性メ
チン部を DMF-DMSO 混合溶媒中 CuBr2 を用いて臭素化する条件 42) に付すと，臭素化と同時に
脱臭化水素化も一挙に進行し，104 が得られることが分かった．ラクトン部（E 環）の側鎖とな
るエチル基は LiHMDS と ethyl iodide を用いて導入し，105 へと導いた． 
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また，105 は Scheme 45 に示すように，(E)-SKA-2 の 4位付加体 82 からも誘導することがで
きた．基質の活性メチン部に臭素原子を導入する前述の方法，または，DMSO 中で KF と 
triethylphosphite の存在下，O2 を用いて水酸基を導入する方法 43) では，酪酸単位の脱離反応が
進行し 58a を与えたが，SeO2 を用いる芳香化反応によって中程度の収率で 105 を得ることがで
きた． 
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NaH, CuBr2
DMF-DMSO
O2, KF, P(OEt)3
DMSO
O
N O
CO2Bn
Bn
Et2AlCl
CH2Cl2, −40°C, 2 h
(105 mol%)
58a
(2.0 eq)
OEt
OTBS
E-SKA-2
,
68%
 
 
 次に，困難が懸念された 105 の 3位エステル部の選択的還元を検討した (Scheme 46)．NaBH4 
を用いて反応を行うと，望む生成物であるラクトン 60c とともに 2-ピリジノン環 6位へのヒドリ
ドの付加反応が進行して生じた 106 が得られることが分かったため，1,2-還元を選択的に行う 
Luche の条件 44) を参考にして，CeCl3・7H2O を添加して検討を行った．その結果，ethanol 中 0˚C
下において 2当量の CeCl3・7H2O を用い，6当量の NaBH4 を三回に分けて加えて反応を行うと，
中程度の収率でラクトン 60c が得られることが分かった．反応終了時には，ヒドロキシエステル 
107 との混合物が得られるため，塩酸を反応系に直接加え室温で 10時間撹拌した後に精製を行っ
た．回収した原料をもう一度同条件に付すことにより，合計 57% の収率で 60c を得た． 
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Scheme 46: Selective Reduction of Benzyl Ester 105
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 続いて，ラクトン 60c に対する不斉の水酸基の導入を検討した．60c と類似した部分構造を有
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する化合物に対して不斉ヒドロキシル化反応を行っている Nagao らの報告を参考にして c，Davis 
らによって開発された種々の光学活性なオキサジリジン 61a-e を用いて反応を試みることとし，
その絶対配置に関しては，Nagao らが用いた 61a 28a-c) と同じ絶対配置のものを用いた．その際に，
添加する塩基 (LiHMDS, NaHMDS or KHMDS) に関しても検討を加え，得られるヒドロキシラク
トン 109 の収率と光学純度を比較した (Table 11)．109 の光学純度は，HPLC 測定 [DAICEL 
CHIRALCEL OD-H column: hexane-isopropanol (6:1), 0.5 mL/min flow rate, retention time tR = 50.3 min, 
tS = 53.8 min] を行って決定した． 
検討の結果，LiHMDS または NaHMDS を用いた場合には，いずれのオキサジリジンを用いて
も低い光学純度を得るにとどまったが，KHMDS と 61c 28c, e, f, g) を用いた時に 72% eeの光学純度
で 109 が得られることが分かった．そこで，61c と同様にアセタール構造を有する 61d 28f, g) ま
たは 61e 28f, g) と KHMDS を用いて反応を行ったところ，ジエチルアセタールの 61d では 52% ee 
と中程度の光学純度が得られたが，環状アセタールの 61e では 20% ee と光学純度が著しく低下
した．この結果から，アセタール部位の酸素原子とカリウムイオンとの配位結合が比較的高い光
学純度の発現に関与していることが示唆された．しかし，本反応でこれ以上の不斉収率を得るこ
とはできなかったため，72% ee の生成物を再結晶して 91% ee まで光学純度を上げた後，次の反
応に用いた． 
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Table 11: Asymmetric Hydroxylation of Lactone 60c
OEt
61a
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c Nagao らは，108 にオキサジリジン 61a を作用させ，中程度の光学純度で (20S)-camptothecin (1) の合成
を行っている 45) (Scheme 47)． 
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Scheme 47: Asymmetric Hydroxylation in Nagao's Synthesis of (20S)-camptothecin
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 最後に，Pd(OH)2/C を用いて脱ベンジル化を行った後，再結晶を行い，最終的に 95% eeの光学
純度で (20S)-camptothecin の DE 環部 (54) の不斉合成を達成した (Scheme 48)．旋光度の値 
{[α]D18 +131 (c 0.204, CHCl3-MeOH, 4:1)} と各種スペクトルデータは文献値 25c) {lit. 27) [α]D23 +117 
(c 0.2, CHCl3-MeOH, 4:1)} と一致した．54 の光学純度は，HPLC測定 [DAICEL CHIRALCEL OD-H 
column: hexane-ethanol (9:1), 0.5 mL/min flow rate, retention time tR = 25.6 min, tS = 29.7 min] を行って
決定した． 
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Scheme 48: Synthesis of (20S)-Camptothecin DE Ring System 54
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不斉ヒドロキシル化反応の実験結果は，次のように考察した．61c のアセタール部位とカリウ
ムイオンとの配位結合が不斉誘起に重要であることが示唆され，導入された水酸基の立体が S 配
置であったことから，Figure 24 に示したキレーション構造を有する遷移状態を予想した．R体を
与える遷移状態 (A) では，オキサジリジン 61c のメトキシ基が基質の側鎖のエチル基と立体反
発を生じるため不利であり，立体反発の小さい遷移状態 (B) を経由して S体を優先的に与えると
考えた．この遷移状態に従って考えると，61d を用いた反応では S 体を与える遷移状態でも基質
とエトキシ基の立体反発が生じるため，61e を用いた場合にはアセタール部位の立体配座が固定
されており両遷移状態における基質との立体反発の差が小さいために選択性が低下したものと考
えることができ，実験結果を矛盾なく説明できる． 
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以上，著者は，市販の 2-hydroxynicotinic acid (68) から 6工程，総収率 12%，95% ee の光学純
度で (20S)-camptothecin の DE環部 54 の不斉合成を達成した (Scheme 49)． 
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Scheme 49: Synthetic Route of (20S)-Camptothecin DE Ring System 54
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第二節 Awajanomycin の合成研究 
 
序論でも述べたように，awajanomycin (62) は，海洋由来の真菌類から単離された抗腫瘍活性天
然物であるが，全合成例がなく，絶対配置と側鎖の水酸基の相対配置が未決定である．そこで， 62 
の全合成と立体配置の決定を目的として合成研究に着手した． 
 合成を始めるに当たり，含窒素二環性部位 63 と側鎖部位 64 を最終段階でクロスメタセシス
反応 46) によって連結する経路を計画した (Scheme 50)．二環性化合物 63 の二重結合は 65 のエ
ステル部の官能基変換によって構築することとし，65 は，前述のように独自に開発した 3位にア
ルコキシカルボニル基を有する 2-ピリジノン誘導体 67 への SKA-1 の 4 位選択的な付加反応に
よって得られる 59 から合成できると考えた．従って，59 に対するピペリジン環 3位への水酸基
の導入と，エナミド部の 5位への水酸基および 6位への α-メチル基の導入が合成上の課題となる． 
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 合成経路確立のためラセミ体合成の検討を開始することとし，はじめに，ピペリジン環3 位へ
の水酸基の導入を行った．2-Hydroxynicotinic acid (68) を出発原料として，第一章第一節で述べた
手法を用いて，SKA-1 の 4位付加体 38c を合成した．続いて，Davis らによって開発されている
オキサジリジン 110 47) を用いて活性メチン部に立体選択的に水酸基を導入し，111c へと変換し
た (Scheme 51)．111c は単一のジアステレオマーとして得られ，その水酸基の相対配置を決定す
るため，111c の二重結合を還元後，エチルエステルを加水分解し，続いて EDCI を用いる分子内
縮合反応を行って，ラクトン 112 へと導いた．112 は，NOESY スペクトルにおいて 3位メトキ
シカルボニル基のメチル基と 5位アキシャルプロトンとの間に相関が見られ，IR スペクトルにお
いて 1805 cm−1 にピークが観測されたことから，Scheme 52 に示した γ-ラクトン構造を有する化
合物であることが分かり，111c の水酸基の立体化学は α 配置であると決定した．オキサジリジ
ン 110 は基質 38c の 4 位の置換基との立体反発を避けて，α 面から接近して反応が進行したと
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考えられる．また，110 を用いる反応条件は，ベンジルエステル 72a や窒素原子上に Boc 基を
有する 38b にも適用可能であり，それぞれ 113 および 111b を与えた (Scheme 53)． 
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 次に，エナミドへの官能基導入を検討した．ピペリジン環6 位へのメチル基導入およびラクト
ン構築に当たっては三種類の方法を計画した (Scheme 54)．Method A は，6位にメチル基を有す
る 2-ピリジノン誘導体 114 に対して SKA-1 の共役付加反応を行った後，3位および 5位に水酸
基を導入し，ラクトンを構築する方法である．Method B は，111c のエナミドを酸化することに
より 6位に脱離性の置換基を有するラクトン 116 を合成後，Lewis 酸とメチル求核剤を用いて求
核置換反応を行い，メチル基を導入する方法である．Method C は，111c または 111b のエナミ
ド部がエポキシ化された 117 に対し，メチル求核剤を用いてエポキシドの開環反応を行った後，
ラクトンを構築する方法である． 
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 始めに，Method A を用いる合成経路を検討した．基質合成は Scheme 55 に示すように，入手
容易な 2-hydroxy-6-methylnicotinic acid (119) を出発原料として第一章で述べた手法 (Scheme 18 
and Scheme 26) を用いて行い，窒素原子上にベンジル基を有する 114c および Boc 基を有する 
114b を合成した．これらを基質として，第一章で良好な結果を与えている TBSOTf, Et2AlCl また
は Me3Al を用い，SKA-1 の共役付加反応を試みたが，114c では原料の回収，114b では脱 Boc 化
が進行するかもしくは原料の回収にとどまり，望む付加体 115c, 115b は得られなかった (Scheme 
56)．6位にメチル基が存在することで，基質の Boc 基またはベンジル基の立体配座が，6位が無
置換の 37c または 58a とは変わり，反応性に影響を与えたためと考えている． 
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続いて，Method B を用いる合成経路を検討した．メチル基求核置換反応の基質となるラクト
ン 116 (Scheme 54) の合成は Scheme 57 および Scheme 58 に示すように行った．111c を 
methanol 中，MCPBA を用いて酸化するとラクトン 120c とヒドロキシエステル 121 を与えた．
121 は，111c の α 面でのエポキシ化と窒素原子上の孤立電子対によるエポキシド開環反応が一
挙に進行した後，生じたイミニウムイオンに対して methanol が付加することで生成し，120c は，
同様の反応が β 面で進行した後に β 配置の水酸基が 3位のメトキシカルボニル基と縮合反応を
起こして生成したと考えられる．また，111b を脱 Boc 化して 111d へと変換した後，MCPBA を
用いて同様の反応を行い，120d を合成した．120c および 120d は単一のジアステレオマーとし
て得られたが，メトキシ基の立体化学は未決定である． 
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続いて，Kobayashi らによって報告されている Sc(OTf)3 を用いる N,O-アセタールに対する求
核置換反応の条件を用いて 48) 120c を thiophenol と反応させ，N,S-アセタール β-122 を主生成物，
そのジアステレオマー α-122 を副生成物として得た (Scheme 58)．β-122 のチオフェニル基の相
 56
対配置は，4位および 6位のプロトン間に NOE相関が観測されたことから，β 配置であると決定
した．続いて，β-122 を MCPBA を用いて酸化し，定量的にスルホン 123 を合成した．また，
ベンジルエステル 113 に対し OsO4 を用いる酸化反応を行い，5 位および 6 位に α 配置の水酸
基を有するトリオール 124 を優先的に得た後，carbonyl diimidazole と反応させて炭酸エステル 
125 へと導いた (Scheme 59)．125 が生成したことから，124 の 5 位と 6 位のジオール部の立体
は cis であることが分かり，さらに 124 の 4位と 5位のプロトン間の結合定数は 11.8 Hz であ
りトランスジアキシャルの関係にあることから，124 の 5位と 6位の水酸基の立体は α 配置であ
ると決定した．OsO4 は，基質 113 の 3位のベンジルオキシカルボニル基あるいは 4位の置換基
との立体反発を避けて，α 面から接近し酸化反応が進行したと考えられる． 
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合成したラクトン 120c, 120d, β-122, α-122, 123 または炭酸エステル 125 に対し， Lewis 酸と
メチル求核剤を用いて，ピペリジン環 6 位へのメチル基の導入を試みた．検討に当たっては，
Wistrand らが報告しているアミナールに対して有機銅試薬を用いる手法 (Scheme 60)d 49) と
                                                        
d Wistrand らはアミナール 126 に対して，BuCu-BF3, Bu2CuLi-BF3 または BuCu(CN)Li-BF3 を作用させて
127 を合成し，収率とジアステレオマー比を比較して，BuCu-BF3 がともに良好な結果を与えると報告して
いる．著者の研究において基質となるラクトン 120c, 120d および炭酸エステル 125 は，アミナール部位に
隣接するピペリジン環 2位にカルボニル基，5位にアシルオキシ基を有し，Wistrand らの基質 126 とは立
体電子的に反応性が異なると予想されたため，種々のメチル銅試薬を調製し反応を行った (Scheme 62, A)． 
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Huangらが報告しているスルホニルラクタムに対して有機亜鉛試薬を用いる手法 (Scheme 61)e 50) 
を参考にした． 
はじめに，アミナール 120c または 120d に対して，種々の有機銅試薬 51) [MeCu, Me2CuLi, 
MeCu(CN)Li or Me2Cu(CN)Li2] ならびに Lewis 酸 (BF3・OEt2 or TMSCl) を用いて反応を試みたが，
原料の回収もしくは複雑な混合物を与えた (Scheme 62, A)．メトキシ基の脱離性の弱さが未反応
の原因であると考え，炭酸エステル 125 にも同様の反応を試みたが，望む反応は進行せず，原料
を回収した．次に，N,S-アセタール β-122, α-122, またはスルホニルラクタム 123 に対して，有
機亜鉛試薬 52) (ZnCl2 + MeMgBr or Me2Zn) および Lewis酸 [Zn(OTf)2 or AgOTf] を用いて反応を
試みたが，原料を回収するか，もしくは基質が分解した (Scheme 62, B)．いずれの基質において
も，5 位に存在する電子求引性のアシルオキシ基により，隣接する 6 位置換基の脱離性が低下し
ているために，望む求核置換反応が進行しなかったと考えている． 
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Wistrand, L.-G. et al. Tetrahedron 1991, 47, 573.
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Scheme 60: Example of Nucleophilic Substitution Reaction
to Aminal
 
 
e Huang らは，ZnCl2 と Grignard 試薬から有機亜鉛試薬を調製後，スルホニルラクタム 128 と反応させて 
129 を得ている．著者の研究において基質となるラクトン β-122, α-122 および 123 は，スルフェニル基ま
たはスルホニル基に隣接するピペリジン環 5位に電子求引性のアシルオキシ基を有し，電子供与性のベンジ
ルオキシ基を有する Huang らの基質 128 よりも反応性が低いと予想されたため，有機亜鉛試薬とともに 
Lewis 酸を添加して反応を行った (Scheme 62, B)． 
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Scheme 61: Example of Nucleophilic Substitution Reaction
to Sulfonyllactam
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次に，Method C による合成経路を検討した．メチル求核剤を用いるエポキシド開環反応の基
質となるエポキシド 117 (Scheme 54) の適度な安定性を保持するため，窒素原子上の置換基は電
子求引性の Boc 基に変更することにした．すなわち，Scheme 57 の実験で示されたように，窒素
原子上にベンジル基を有する化合物では，エナミド部が酸化されると同時に，窒素原子上の孤立
電子対によってエポキシドの開環反応が進行するため，エポキシドの単離は困難であると予想し
た．期待したように，Boc 基を有する三級アルコール  111b に，系内で発生させた 
dimethyldioxirane 53) を作用させて合成したエポキシド 117b は，水を含む溶媒系中でも安定であ
り，シリカゲルカラムクロマトグラフィーによる精製も可能であった (Scheme 63)． 
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Scheme 63: Synthesis of Epoxide 117b
 
 
ところで，111b は当初 2-ピリジノン誘導体 37b から，SKA-1 の共役付加反応と水酸基の導入
を段階的に行って合成していたが，両反応を連続的に行えることが分かった (Scheme 64)．すな
わち，第一章第二節 Scheme 28 において述べたように，触媒量の Me3Al を用いて行う 37b へ
の SKA-1 の共役付加反応では N,O-シリルケテンアセタール 38b-SKA が生成する．そこで，
38b-SKA に対し酸を用いない後処理を行って 38b-SKA を単離した後，KF と 18-crown-6 の存在
 59
下 54)，オキサジリジン 110 と反応させることで 111b を簡便かつ効率的に合成する方法を確立
できた． 
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Scheme 64: Hydroxylation of N,O-silyl Ketene Acetal 38b-SKA
 
 
続いて，合成したエポキシド 117b に対し， Me3Al をメチル化剤とし，種々の Lewis 酸 
(TMSOTf or BF3・OEt2) または Lewis 塩基 (H2O or PPh3) を添加して，エポキシドの開環反応 55) 
を試みたが，基質の分解が見られ，望む 118b は得られなかった (Scheme 65)．この分解反応に
関しては，基質のエポキシド部位が Lewis 酸に活性化されるとともに，Me3Al または Lewis 塩
基によって水酸基が脱プロトン化され，図示したようなフラグメンテーションが進行したと予想
し，117b の水酸基を保護してから同様の反応を行うことにした． 
N
CO2Me
OH
EtO2C
O
Boc
O
117b
Me3Al, additive
N
CO2Me
OH
EtO2C
O
Boc 118b
HO
Meadditive = 
   TMSOTf, BF3-Et2O
   H2O, PPh3
Decomposition
N
CO2Me
O
EtO2C
O
Boc
O
117b
H Base
Scheme 65: Attempt to Me3Al-prompted Epoxide Opening Reaction of 117b
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そこで，TMS基によって 117b の三級水酸基を保護することにした．TMSOTf と lutidineを用
いる条件では原料を回収するのみであったが，THF中 TMSCN を加えて加熱還流する条件で，131 
へと変換できた． 131 を dichloromethane 中，－40˚Cで過剰量の Me3Al と反応させると，脱 Boc 
化と同時に開環反応が位置および立体選択的に進行し，ピペリジン環 6位に α 面からメチル基が
導入されたアルコール 132 が 73% の収率で得られた (Scheme 66)．導入されたメチル基の立体
 60
化学は，後の段階において決定しているため，後述する (Scheme 67)．選択性発現の理由は図示
した反応機構で説明できる．すなわち，はじめにMe3Al によって Boc 基が脱離した後，Me3Al に
活性化されたエポキシドが窒素原子上の孤立電子対によって開環し (A)，アルミニウム上のメチ
ル基が生じたイミニウムイオンに α 面から攻撃した (B) と考えられる． 
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次に，132 の水酸基を PDCによって酸化してケトン 133 へと変換後，NaBH4 を用いてケトン
カルボニル基を還元し，α 面からの還元と分子内縮合反応により生成したラクトン 134 を 39% 
の収率で得，β 面からの還元により生成したアルコール 132 を 15% の収率で回収した (Scheme 
67)． 134 の 6 位のメチル基の立体化学は，メチル基と 4 位のプロトンとの間に NOE 相関が観
測されたことから，α 配置であると決定した．さらに，134 を acetonitrile 中，フッ化水素酸で処
理することにより，65d へと導き，awajanomycin (62) の二環性骨格の構築に成功した．65d の 1H- 
および 13C-NMR (DMSO-d6) スペクトル中の各ピークの化学シフト値は，Jang らが報告している 
awajanomycin (62) の両スペクトル  29) における二環性部分の各ピークと良い一致を示した 
(Table 12)．なお，65d の各ピークの帰属は，COSY, HMQC および HMBC スペクトルを解析し
て行った． 
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position δC (13C-NMR)
Table 12: 1H- and 13C-NMR Spectral Data for Synthetic Bicyclic System 65d and Awajanomycin (62)
δH (1H-NMR)
NH
O O
O
HO
EtO2C
CH365d
NH
O O
O
HO
CH3
C7H15
OH
*
62
1
23
4
5 6
7
8
1
23
4
5 6
7
8
1-NH
2
3
4
5
6
7
8
3-OH
165.9
77.1
172.5
79.6
51.6
18.1
43.7
Awajanomycin (62)
8.20 (s)
4.64 (s)
3.68 (d, J = 6.7 Hz)
1.22 (d, J = 6.7 Hz)
3.30 (d, J = 6.4 Hz)
5.92 (d, J = 4.1 Hz)
position δC (13C-NMR) δH (1H-NMR)
1-NH
2
3
4
5
6
7
8
3-OH
165.1
75.8
171.9
78.6
50.9
17.6
38.4
65d
8.21 (br-s)
4.62 (t, J = 1.8 Hz)
3.68 (br-q, J = 6.6 Hz)
1.19 (d, J = 7.2 Hz)
2.93 (dd, J = 9.9, 4.5 Hz)
6.26 (s)
1H-NMR (600MHz, DMSO-d6)
13C-NMR (150MHz, DMSO-d6)
1H-NMR (750MHz, DMSO-d6)
13C-NMR (250MHz, DMSO-d6)
Jang, J.-H. et al. J. Nat. Prod. 2006, 69, 1358. 
 
今後，134 のエステル部の還元と続く脱水反応を検討して 63d を合成し，側鎖部位 64 と連結
して awajanomycin (62) のラセミ体の全合成を達成する予定である (Scheme 68)． 
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Scheme 68: Future Work for Racemic Total Synthesis
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以上，著者は，awajanomycin (62) の二環性部位 65d のラセミ体合成に成功した (Scheme 69)．
今後は，awajanomycin のラセミ体の合成法を確立した後に，これから記述する不斉合成に展開で
きると考えている． 
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今後の展開 
序論でも述べたように，awajanomycin (62) の光学活性体の合成と天然物の立体配置の決定に関
しては，側鎖部位 64 と二環性部位 63d の両対掌体を合成後，両者をそれぞれ連結して 4種類の
ジアステレオマーを合成し，天然物の各種機器データと照合することを考えている．前述のよう
に，二環性化合物 63d の合成経路を確立することができたので，63d の不斉合成の計画を Figure 
25 のように立案している．合成中間体に不斉を誘起する段階と方法は次の三種類を考えている．
（A) 37b に対する SKA-1 の共役付加反応の際に，不斉 Lewis 酸を用いて反応を行う方法 f． (B) 
3位の水酸基を導入する際に，光学活性なオキサジリジン 61 28）(本章第一節 Table 11 参照) を用
いて，速度論的光学分割を行う方法．(C) 二級水酸基を有する 132 を，光学活性なエステルに変
換後，2 種類のジアステレオマーを分離する方法．なお，側鎖部位 64 に関しては，Rinaldi らが
報告している，(R)-1-(1-napthyl)ethyl isocyanate (136) を用いる 1-decyn-3-ol (135) の光学分割法を
                                                        
f 5位にメトキシカルボニル基を有する基質 40bでは，不斉 Lewis 酸を用いる反応を検討しており，6位付
加体に不斉が全く誘起されないという結果が得られた [第一章第二節（６）参照]．しかし，3位にメトキシ
カルボニル基を有する基質 37bでは，同様の反応の検討を行っていない．第一章第二節（８）で述べたよう
に，両基質では反応機構が異なり，Lewis 酸と基質との相互作用にも差異があることが示唆されているため，
（A）の検討の余地はあると考えている． 
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用いて，両対掌体を合成できる 30）． 
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Determination of natural product's stereochemistry by comparison of their spectral data.
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4 Diastereomers of Awajanomycin
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結論 
 
 著者は，含窒素六員環骨格を有する天然物の合成方法論の開発を目的として研究に着手し，当
研究室で開発された「Lewis 酸を用いる 2-ピリジノン誘導体へのシリルケテンアセタールの共役
付加反応」に関して，反応の位置選択性の制御と含窒素天然物合成への応用を検討した． 
 第一章では，反応性の向上と位置選択性の変化を期待して，電子求引性のメトキシカルボニル
基を導入した 2-ピリジノン誘導体に対して反応を行い，基質の窒素原子上の置換基 (Bn or Boc) 
およびメトキシカルボニル基の置換位置 (3-CO2Me or 5-CO2Me) が反応性に与える影響を比較検
討した． 
第一節では，窒素原子上にベンジル基を有する 37c の反応性を詳細に検討し，TBSOTf を用い
た場合には 6位付加体 39c が，Et2AlCl を用いた場合には位置選択性が変化して 4位付加体 38c 
が優先的に生成的に生成することを見出した (Scheme 70)．反応機構に関して検討を行った結果，
TBSOTf を用いた場合には，反応系内において 4位および 6位の付加体の N,O-シリルケテンアセ
タール間に平衡が存在することが強く示唆され，Et2AlCl を用いた場合には環状遷移状態を経由し
て反応が進行していると提唱した． 
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Scheme 70: Reactions of N-Bn-3-CO2Me-2-Pyridinone (37c)
 
 
 第二節では，窒素原子上に Boc 基を有する基質の反応性を詳細に検討し，メトキシカルボニル
基の置換位置によって位置選択性が変化することを見出した (Scheme 71)．触媒量の Me3Al 存在
下，メトキシカルボニル基を 3 位に有する 37b からは 4 位付加体 38b が選択的に，5 位に有す
る 40b からは 6 位付加体 41b が優先的に得られ，さらに，40b に 2 当量の Me3Al を作用させ
ると二環性化合物 42 が得られることが分かった．反応機構に関して検討を行った結果，SKA-1 
と Me3Al は反応条件下で錯体を形成し，その錯体が Lewis 酸として作用していることが強く示
された．さらに，酪酸エステル由来の SKA-2 の両幾何異性体を用いて行った実験の結果から，
メトキシカルボニル基を 3 位に有する 37b では環状遷移状態を，5 位に有する 40b では非環状
遷移状態を経由して反応が進行していると提唱した． 
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以上のように，基質上のメトキシカルボニル基の置換位置と窒素原子上の置換基，および Lewis
酸の量によって基質の反応性を制御できることを見出すことができ，特に窒素原子上に Boc 基を
有する基質を用いた場合において，4位付加体，6位付加体または二環性化合物をそれぞれ選択的
に合成することに成功した． 
 
第二章では，前述の反応を用いて，含窒素天然物の合成研究を行った． 
第一節では，(20S)-camptothecin の DE環部 54 の簡易合成法の開発を目的に研究を行った．58a 
に対して Et2AlCl を用いる (E)-SKA-2 の 4 位選択的な共役付加反応を行った後，ベンジルエス
テルの選択的還元反応によりラクトン 60c を構築し，続いて光学活性なオキサジリジン誘導体 
61c を用いて不斉の水酸基を導入して，市販の原料から 6工程，総収率 12%，95% ee の光学純度
で不斉合成を達成した (Scheme 72)． 
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第二節では，awajanomycin (62) の全合成研究を行った．4位付加体 38b に対し，3位の活性メ
チン部への立体選択的な水酸基の導入，環内二重結合のエポキシ化反応，続いて Me3Al を用いて
立体選択的にメチル基導入反応を行い，ピペリジン環上に順次官能基を導入して，62 の二環性骨
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格 65d の合成に成功した．今後，側鎖部位との連結を検討し，ラセミ体の全合成を達成する予定
である (Scheme 73)． 
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Experimental Section 
 
General Methods 
1,2-Dichloroethane was distilled from CaH2 and then stored over molecular sieves 4Å. Me3Al (hexane 
solution) and TBSOTf were used without further purification.  
1H-NMR and 13C-NMR spectra were recorded on a JEOL AL400 (400MHz) or ECA600 (600MHz). 
Spectra were referenced to tetramethylsilane (0.00 ppm for 1H-NMR) and residual chloroform (77.0 ppm 
for 13C-NMR) when taken in CDCl3, residual dichloromethane (5.32 ppm for 1H-NMR and 53.0 ppm for 
13C-NMR) when taken in CD2Cl2, and residual DMSO (2.49 ppm for 1H-NMR and 39.0 ppm for 13C-NMR) 
when taken in DMSO-d6. Abbreviations of signal patterns are follows: s (singlet), d (doublet), t (triplet), q 
(quartet), m (multiplet), dd (double doublet), ddd (double double doublet), dddd (double double double 
doublet), dt (double triplet), ddt (double double triplet), dq (double quartet), td (triple doublet), tdd (triple 
double doublet), and br (broad). Infrared spectra were recorded on a Shimazu FTIR-8400. Mass 
spectroscopy was performed on a JMS-DX303 (EI low resolution) and JMS-700 (EI high resolution and 
FAB). Melting points were measured on a Yazawa micro melting point. Elemental analysis was measured 
on a Yanaco CHN CORDER MT-6. Specific rotations were measured on a JASCO P-1010. Enantiomeric 
excess was determined on a UV detector SPD-10A VP. 
 
The First Chapter 
The First Section 
Genaral Procedure for the Conjugate Addition Reaction between N-Benzyl-2-pyridinone Derivative 
and Silyl Ketene Acetal. 
General Procedure-1 (Lewis acid = TBSOTf or BF3・OEt2) 
Under argon atmosphere, a silyl ketene acetal and a Lewis acid was successively added to a solution of a 
2-pyridinone derivative in anhydrous dichloromethane or 1,2-dichloroethane. After being stirred in the 
condition listed in table, the mixture was diluted with diethyl ether and phosphate buffer solution (pH 6.86) 
was added. The mixture was extracted with diethyl ether and the combined organic layer was dried over 
anhydrous MgSO4 and evaporated. The residue was purified by silica gel column chromatography to afford 
C4-adduct and/or C6-adduct. 
 
 68
General Procedure-2 (Lewis acid = Et2AlCl or Me3Al or TiCl4) 
Under argon atmosphere, a silyl ketene acetal and a Lewis acid were added successively to a solution of a 
2-pyridinone derivative in anhydrous dichloromethane or 1,2-dichloroethane. After being stirred in the 
condition listed in table, the mixture was diluted with diethyl ether and 25% aqueous NH3 was added. 
Precipitate was filtered through a pad of CeliteR and the filtrate was evaporated. The residue was purified by 
silica gel column chromatography to afford C4-adduct and/or C6-adduct. 
 
General Procedure-3 [Lewis acid = Zn(OTf)2] 
Under argon atmosphere, a silyl ketene acetal and a solution of a 2-pyridinone derivative in anhydrous 
1,2-dichloroethane were added successively to a suspension of Zn(OTf)2 in 1,2-dichloroethane. After being 
stirred in the condition listed in table, the mixture was diluted with diethyl ether and phosphate buffer 
solution (pH 6.86) was added. The mixture was extracted with diethyl ether and the combined organic layer 
was dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column 
chromatography to afford C4-adduct and/or C6-adduct. 
 
Methyl 2-pyridinone-3-carboxylate (37d) (lit.1 ) (Scheme 18) 
N
H
O
CO2Me
 
SOCl2 (15.7 mL, 215 mmol) was added to a suspension of 2-hydroxynicotinic acid (68) (4.00 g, 28.8 
mmol) in methanol (96 mL) at 0˚C and the mixture was refluxed for 1.5 h. The solvent and the excess 
reagent were evaporated. The residue was dissolved in water, neutralized with Na2CO3 and the mixture was 
extracted with chloroform. The combined organic layer was dried over anhydrous MgSO4 and evaporated. 
The crude product was recrystallized from ethyl acetate to afford 37d (3.89 g, 88 %). 
Mp 155˚C (lit. i 145-148˚C) (colorless needles from ethyl acetate); IR ν (film) cm–1: 3080, 1728, 1643, 
1283, 1225, 1194, 1130; 400 MHz 1H-NMR (CDCl3) δ (ppm): 3.91 (3H, s), 6.41 (1H, dd, J = 7.2, 6.3 Hz), 
7.77 (1H, dd, J = 6.3, 2.2 Hz), 8.28 (1H, dd, J = 7.2, 2.2 Hz), 13.58 (1H, br-s); 100 MHz 13C-NMR (CDCl3) 
δ (ppm): 52.5, 106.7, 119.7, 141.0, 146.5, 162.8, 165.3; MS m/z: 153 (M+, 100%), 122, 93; HRMS Calcd 
C7H7NO3: 153.0426, Found: 153.0402. 
 
                                                        
1 Katoh, A.; Omote, Y.; Kashima, C. Chem. Pharm. Bull. 1984, 32, 2942-2946. 
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Methyl N-benzyl-2-pyridinone-3-carboxylate (37c) 
N O
CO2Me
Bn  
Under argon atmosphere, LiHMDS (1.0 M THF solution, 1.70 mL, 1.70 mmol) was added dropwise to a 
suspension of 37d (250 mg, 1.63 mmol) in anhydrous THF (5.5 mL) at −20˚C. After being stirred at −20˚C 
for 30 min, benzyl bromide (0.36 mL, 3.03 mmol) was added at the same temperature, and stirred for 4 h at 
0˚C. The mixture was warmed slowly to room temperature and stirred for 44 h. Phosphate buffer solution 
(pH 6.86) was added at 0˚C and the mixture was extracted with ethyl acetate. The organic layer was washed 
with brine, dried over anhydrous MgSO4 and concentrated in vacuo. The residue was purified by silica gel 
column chromatography (ethyl acetate : hexane = 4:1) to afford 37c (326 mg, 82%) as a red oil. 
IR ν (neat) cm–1: 1732, 1659, 1549, 1273, 1124; 1H-NMR (400MHz, CDCl3) δ (ppm): 3.90 (3H, s), 5.17 
(2H, s), 6.22 (1H, t, J = 6.9 Hz), 7.28-7.37 (5H, m), 7.54 (1H, dd, J = 6.9, 2.2 Hz), 8.14 (1H, dd, J = 6.9, 
2.2 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 52.4, 52.6, 104.8, 120.8, 128.1, 128.3, 128.8, 135.6, 142.0, 
144.7, 159.2, 165.7; MS m/z: 243 (M+, 100%), 211, 182, 181, 91; HRMS Calcd C14H13NO3: 243.0895. 
Found: 243.0896. 
 
Benzyl N-benzyl-2-pyridinone-3-carboxylate (58a) 
N O
Bn
CO2Bn
 
Under argon atmosphere, a solution of 68 (1.33 g, 9.57 mmol) in anhydrous DMF (12.0 mL) and HMPA 
(6.0 mL) was added to a suspension of NaH (822 mg, 22.6 mmol, 60% in oil), which was washed with dry 
hexane, in anhydrous DMF (12.0 mL) at 0˚C. After being stirred at 0˚C for 30 min, benzyl bromide (2.70 
mL, 22.78 mmol) was added at the same temperature. The mixture was warmed slowly to room 
temperature and stirred for 16 h. Phosphate buffer solution (pH 6.86) was added at 0˚C and the mixture was 
extracted with diethyl ether. The organic layer was washed with H2O and brine, dried over anhydrous 
MgSO4 and evaporated. The residue was purified by silica gel column chromatography (ethyl 
acetate : hexane = 2:3) to provide 58a (2.87 g, 94%) as a pale yellow oil. 
IR ν (neat) cm–1: 1732, 1651, 1549, 1263, 1119; 1H-NMR (400MHz, CDCl3) δ (ppm): 5.16 (2H, s), 5.33 
(2H, s), 6.15 (1H, t, J = 7.0 Hz), 7.25−7.47 (10H, m), 7.50 (1H, dd, J = 6.6, 2.2 Hz), 8.09 (1H, dd, J = 7.0, 
2.2 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 52.3, 66.6, 104.6, 120.7, 127.9, 128.0, 128.1, 128.3, 128.4, 
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128.8, 135.6, 135.9, 142.0, 144.4, 159.2, 164.5; MS m/z: 319 (M+, 21%), 185, 122, 91 (100%); HRMS 
Calcd C20H17NO3: 319.1208, Found: 319.1214. 
 
1,1,1,3,3,3-hexafluoroisopropyl N-benzyl-2-pyridinone-3-carboxylate (58b) 
N O
Bn
O
O
CF3
CF3
 
A mixture of 58a (605 mg, 1.89 mmol) and a catalytic amount of Pd/C in THF (6.0 mL) was stirred 
under H2 atmosphere at room temperature for 3.5 h. The mixture was filtered through a pad of CeliteR and 
the filtrate was concentrated in vacuo to provide carboxylic acid 70 as a white solid, which was subjected 
in the next reaction without further purification. 
1,1,1,3,3,3-hexafluoro-2-propanol (0.33mL, 3.18 mmol), DMAP (68 mg, 0.557 mmol), and EDCI (495 
mg, 2.58 mmol) were added to a solution of the crude product (70) in dichloromethane (7.0 mL) at 0˚C. 
After being stirred at 0˚C for 5 h, the ice bath was removed and the mixture was stirred at room temperature 
for 9 h. 0.3 M HCl was added at 0˚C and the mixture was extracted with ethyl acetate. The combined 
organic layer was washed with brine, dried over anhydrous MgSO4 and evaporated. The residue was 
purified by silica gel chromatography (ethyl acetate : hexane = 2:5) to afford 58b (603 mg, 84%, 2 steps) as 
a colorless oil. 
IR ν (neat) cm–1: 1765, 1657, 1547, 1259, 1225, 1196, 1107; 1H-NMR (400 MHz, CDCl3) δ (ppm): 5.20 
(2H, s), 6.00 (1H, septet, J = 6.1 Hz), 6.27 (1H, t, J = 7.0 Hz), 7.29−7.40 (5H, m), 7.66 (1H, dd, J = 6.6, 2.2 
Hz), 8.25 (1H, dd, J = 7.4, 2.2 Hz); 13C-NMR (100 MHz, CDCl3) δ (ppm): 52.7, 66.3 (quint), 104.7, 116.6, 
119.1, 121.9, 128.47, 128.53, 129.0, 135.1, 144.1, 146.1, 158.7, 159.8; MS m/z: 379 (M+, 92.4%), 211, 91 
(100%); HRMS Calcd C16H11NO3F6: 379.0643, Found: 379.0639. 
 
Methyl 2-pyridinone-5-carboxylate (40d) (lit.2 ) 
N
H
O
MeO2C
 
SOCl2 (14.2 mL, 195 mmol) was added to a suspension of 6-hydroxynicotinic acid (69) (4.50 g, 32.4 
mmol) in methanol (85 mL) at 0˚C and the mixture was refluxed for 1.5 h. The solvent and the excess 
                                                        
2 Ghosez, L.; Jnoff, E.; Bayard, P.; Sainte, F.; Beaudegnies, R. Tetrahedron 1999, 55, 3387-3400. 
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reagent were evaporated. The residue was dissolved in water, neutralized with Na2CO3 and the mixture was 
extracted with chloroform. The combined organic layer was dried over anhydrous MgSO4 and evaporated. 
The crude product was recrystallized from ethyl acetate to afford 40d (3.53 g, 71 %). 
Mp 155-160oC (lit. ii 145-148˚C) (brown needles from ethyl acetate); 1H-NMR (400MHz, CDCl3) δ (ppm): 
3.87 (3H, s), 6.58 (1H, d, J = 9.5 Hz), 8.01 (1H, dd, J = 9.5, 2.5 Hz), 8.21 (1H, d, J = 2.5 Hz), 13.12 (1H, 
br-s); 13C-NMR (100MHz, CDCl3) δ (ppm): 52.2, 111.0, 119.5, 139.7, 140.9, 164.4, 165.4. 
 
Methyl N-benzyl-2-pyridinone-5-carboxylate (40c) 
N O
Bn
MeO2C
 
Under argon atmosphere, LiHMDS (1.0 M THF solution, 0.69 mL, 0.69 mmol) was added dropwise to a 
suspension of 40d (100 mg, 0.653 mmol) in anhydrous THF (2.5 mL) at 0˚C. After being stirred at 0˚C for 
30 min, benzyl bromide (0.11 mL, 0.93 mmol) was added at the same temperature and the mixture was 
stirred for 19 h at 0˚C. Phosphate buffer solution (pH 6.86) was added at 0˚C and the mixture was extracted 
with ethyl acetate. The combined organic layer was washed with brine, dried over anhydrous MgSO4 and 
concentrated in vacuo. The residue was purified by silica gel column chromatography (ethyl acetate : 
hexane = 1:1) to afford 40c (131 mg, 82%) as a yellow oil. 
IR ν (film) cm−1: 1715, 1668, 1447, 1302, 1114; 1H-NMR (400MHz, CDCl3) δ (ppm): 3.82 (3H, s), 5.16 
(2H, s), 6.57 (1H, d, J = 9.8 Hz), 7.28-7.37 (5H, m), 7.82 (1H, dd, J = 9.8, 2.4 Hz), 8.18 (1H, d, J = 2.4 
Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 52.0, 52.7, 109.9, 119.9, 128.1, 128.3, 128.9, 135.4, 138.4, 
142.5, 162.3, 164.4; MS m/z: 243 (M+, 100%), 91; HRMS Calcd C14H13NO3: 243.0895. Found: 243.0900. 
 
Methyl N-benzyl-4-(ethoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-3-carboxylate (38c) and 
Methyl N-benzyl-6-(ethoxycarbonyl)methyl-2-oxo-1,2,5,6-tetrahydropyridine-3-carboxylate (39c) 
N
Bn
N
Bn
O
CO2Me
O
OEt
O
CO2Me
38c
EtO
O
39c  
General Procedure for Table 2 
Following General Procedure 1-3, 37c, SKA-1, and Lewis acid listed in table were reacted in the 
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condition listed in table. The crude product was purified by silica gel column chromatography (ethyl 
acetate : hexane = 1:2) to afford 38c (trans : cis = 10:1) and 39c as a pale yellow oil, respectively and 
recovered 37c. 
38c: IR ν (film) cm−1: 2953, 1732, 1674, 1258, 1177; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.25 (3H, t, J = 
7.1 Hz), 2.36 (1H, dd, J = 15.8, 8.4 Hz), 2.42 (1H, dd, J = 15.8, 6.4 Hz), 3.37 (1H, m), 3.52 (1H, d, J = 6.8 
Hz), 3.77 (3H, s), 4.13 (2H, q, J = 7.1 Hz), 4.62 (1H, d, J = 15.0 Hz), 4.82 (1H, d, J = 15.0 Hz), 5.17 (1H, 
dd, J = 7.8, 4.6 Hz), 6.03 (1H, d, J = 7.8 Hz), 7.21-7.38 (5H, m); 13C-NMR (100MHz, CDCl3) δ (ppm): 
14.2, 32.1, 37.4, 49.1, 52.7, 53.0, 60.8, 108.4, 127.6, 127.7, 128.6, 128.7, 136.3, 164.5, 169.3, 170.7; MS 
m/z: 331 (M+, 3.0%), 272, 244, 91 (100%); HRMS Calcd C18H21NO5: 331.1420. Found: 331.1427. 
39c: IR ν (film) cm−1: 2953, 1732, 1661, 1452, 1277, 1190; 1H-NMR (600MHz, CDCl3) δ (ppm): 1.25 (3H, 
t, J = 7.1 Hz), 2.44 (1H, dd, J = 19.1, 6.7 Hz), 2.56 (1H, dd, J = 15.9, 4.1 Hz), 2.65 (2H, m), 3.85 (3H, s), 
3.94-3.98 (1H, m), 3.95 (1H, d, J = 14.8 Hz), 4.12 (2H, q, J = 7.1 Hz), 5.35 (1H, d, J = 14.8 Hz), 7.23-7.35 
(6H, m). 13C-NMR (150MHz, CDCl3) δ (ppm): 14.1, 28.5, 36.3, 48.1, 50.8, 52.3, 61.0, 127.7, 128.1, 128.7, 
129.1, 137.4, 144.2, 160.0, 164.7, 170.6; MS m/z: 331 (M+, 66.0%), 244, 91 (100%); HRMS Calcd 
C18H21NO5: 331.1420. Found: 331.1418. 
(Table 2; entry 1) 
Following General Procedure-1, 37c (150 mg, 0.617 mmol), SKA-1 (0.38 mL, 0.15 mmol) and TBSOTf 
(15 µL, 0.065 mmol) in 1,2-dichloroethane (1.7 mL) were reacted for 38 h. After purification, 38c (29.9 mg, 
15%), 39c (82.6 mg, 40%) were obtained and 37c (24.4 mg, 16%) was recovered. 
 
(Table 2; entry 2) 
Following General Procedure-2, 37c (51.0 mg, 0.209 mmol), SKA-1 (0.15 mL, 0.59 mmol) and Et2AlCl 
(0.95 M hexane solution, 0.12 mL, 0.114 mmol) in dichloromethane (0.7 mL) were reacted at −40˚C for 12 
h. After purification, 38c (9.1 mg, 13%) were obtained and 37c (25.9 mg, 50 %) was recovered. 
 
(Table 2; entry 3) 
Following General Procedure-2, 37c (52.7 mg, 0.217 mmol), SKA-1 (0.15 mL, 0.59 mmol) and Et2AlCl 
(hexane solution 0.95 M, 0.25 mL, 0.238 mmol) in dichloromethane (1.0 mL) were reacted at −40˚C for 2 h. 
After purification, 38c (28.6 mg, 40%) and 39c (7.8 mg, 11%) were obtained and 37c (16.5 mg, 31%) was 
recovered. 
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(Table 2; entry 4) 
Following General Procedure-2, 37c (50.3 mg, 0.207 mmol), SKA-1 (0.18 mL, 0.71 mmol) and Me3Al 
(1.02 M hexane solution, 30 µL, 0.0306 mmol) in dichloromethane (0.7 mL) were reacted at −40˚C for 24 
h. After purification, 38c (2.2 mg, 6%) was obtained and 37c (36.6 mg, 65%) was recovered. 
 
(Table 2; entry 5) 
Following General Procedure-2, 37c (51.2 mg, 0.210 mmol), SKA-1 (0.15 mL, 0.593 mmol) and Me3Al 
(1.02 M hexane solution, 0.21 mL, 0.214 mmol) in dichloromethane (0.7 mL) were reacted at −40 to −20˚C 
for 26 h. After purification, 38c (14.0 mg, 20%) and 39c (6.4 mg, 9%) were obtained and 37c (34.9 mg, 
68%) was recovered. 
 
(Table 2; entry 6) 
Following General Procedure-3, 37c (50.3 mg, 0.206 mmol), SKA-1 (0.15 mL, 0.59 mmol) and Zn(OTf)2 
(22.4 mg, 0.0616 mmol) in 1,2-dichloroethane (0.7 mL) were reacted at −20˚C for 24 h. After purification, 
38c (7.2 mg, 11%) and 39c (7.1 mg, 10%) were obtained and 37c (33.5 mg, 67%) was recovered. 
 
(Table 2; entry 7) 
Following General Procedure-3, 37c (51.7 mg, 0.212 mmol), SKA-1 (0.15 mL, 0.59 mmol) and Zn(OTf)2 
(77.5 mg, 0.213 mmol) in 1,2-dichloroethane (0.7 mL) were reacted at −20˚C for 24 h. After purification, 
39c (5.1 mg, 7%) was obtained and 37c (25.8 mg, 50%) was recovered. 
 
(Table 2; entry 8) 
Following General Procedure-1, 37c (52.0 mg, 0.213 mmol), SKA-1 (0.15 mL, 0.59 mmol) and BF3・
OEt2 (27 µL, 0.21 mmol) in dichloromethane (0.7 mL) were reacted at −78˚C for 28 h. After purification, 
38c (11.8 mg, 17%) were obtained and 37c (4.4 mg, 8%) was recovered. 
 
(Table 2; entry 9) 
Following General Procedure-2, 37c (49.6 mg, 0.203 mmol), SKA-1 (0.15 mL, 0.59 mmol) and TiCl4 (22 
µL, 0.21 mmol) in dichloromethane (0.7 mL) were reacted at −78˚C for 4 h. After purification, 38c (6.6 mg, 
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10%) were obtained and 37c (21.1 mg, 43%) was recovered. 
 
Methyl N-benzyl-4-(ethoxycarbonyl)methyl-2-oxo-piperidine-3-carboxylate (71) (Scheme 19) 
N O
CO2Me
Bn
trans-71
N O
CO2Me
Bn
cis-71
OEt
O
OEt
O
+
 
Under H2 atmosphere, a solution of 38c (40.0 mg, 0.121 mmol) in ethyl acetate (1.5 mL) was stirred at 
ambient temperature in the presence of 10% Pd/C (6.0 mg, 6.0 µmol). After 7 h, the mixture was filtered 
through a pad of CeliteR and the filtrate was evaporated. The residue was purified by silica gel column 
chromatography (ethyl acetate : hexane = 2:3) to affod 71 (30.6 mg, 76%, trans : cis = 5:1) as a colorless 
oil. 
IR ν (film) cm−1: 2926, 1732, 1645, 1252, 1161; 1H-NMR (600MHz, CDCl3) δ (ppm) (5:1 mixture of 
diastereomers): 1.25 (3H, t, J = 7.1 Hz), 1.56 (1H, dtd, J = 13.2, 10.8, 5.4 Hz), 2.06 (1H, dq, J = 13.2, 4.0 
Hz), 2.25 (1H, dd, J = 15.9, 9.0 Hz), 2.42 (0.83H, dd, J = 15.9, 4.8 Hz), 2.46 (0.17H, dd, J = 16.2, 6.6 Hz), 
2.61 (0.17H, m), 2.69 (0.83H, m), 3.22 (1H, ddd, J = 12.5, 5.4, 4.1 Hz), 3.25-3.34 (2H, m), 3.75 (0.5H, s), 
3.80 (2.5H, s), 4.13 (2H, q, J = 7.1 Hz), 4.43 (0.17H, d, J = 15.0 Hz), 4.54 (0.83H, d, J = 14.7 Hz), 4.67 
(0.83H, d, J = 14.7 Hz), 4.85 (0.17H, d, J = 15.0 Hz), 7.24-7.34 (5H, m); MS m/z: 333 (M+, 100%), 246; 
HRMS Calcd C18H23NO5: 333.1576. Found: 333.1557. 
 
Benzyl N-benzyl-4-(ethoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-3-carboxylate (72b) and 
Benzyl N-benzyl-6-(ethoxycarbonyl)methyl-2-oxo-1,2,5,6-tetrahydropyridine-3-carboxylate (73b) 
N
Bn
N
Bn
O
CO2Bn
O
OEt
O
CO2Bn
72a
EtO
O
73a  
(Table 3; entry 1) 
Following General Procedure-1, 58a (31.1 mg, 0.0973 mmol), SKA-1 (0.070 mL, 0.28 mmol) and 
TBSOTf (3.5 µL, 0.0153 mmol) in 1,2-dichloroethane (0.8 mL) were reacted at −20˚C for 27 h. After 
purification by silica gel chromatography (ethyl acetate : hexane = 1:3), 72a (5.5 mg, 13%) and 73a (14.5 
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mg, 36%) were obtained and 58a (16.2 mg, 51 %) was recovered. 
72a: IR ν (film) cm–1: 1732, 1674, 1256, 1177; 1H-NMR (400 MHz, CDCl3) δ (ppm): 1.23 (3H, t, J = 7.2 
Hz), 2.34 (1H, dd, J = 16.2, 8.2 Hz), 2.40 (1H, dd, J = 16.0, 6.4 Hz), 3.38 (1H, m), 3.56 (1H, d, J = 6.8 Hz), 
4.12 (2H, q, J = 7.2 Hz), 4.60 (1H, d, J = 15.2 Hz), 4.82 (1H, d, J = 14.8 Hz), 5.16 (1H, dd, J = 7.8, 5.0 Hz), 
5.19 (1H, d, J = 12.8 Hz), 5.23 (1H, d, J = 12.8 Hz), 6.00 (1H, d, J = 7.6 Hz), 7.20-7.40 (10H, m); 
13C-NMR (100 MHz, CDCl3) δ (ppm): 14.2, 32.3, 37.5, 49.1, 53.3, 60.8, 67.3, 108.4, 127.6, 127.8, 128.0, 
128.2, 128.5, 128.6, 128.7, 135.3, 136.3, 164.4, 168.8, 170.6; MS m/z: 407 (M+, 1.2%), 320, 272 ([M 
− CO2Bn]+, 100%), 91; HRMS Calcd C24H25NO5: 407.1733, Found: 407.1733. 
73a: IR ν (film) cm–1: 1732, 1666, 1454, 1269, 1215; 1H-NMR (400 MHz, CDCl3) δ (ppm): 1.23 (3H, t, J = 
7.2 Hz), 2.42 (1H, dd, J = 19.0, 6.6 Hz), 2.54 (1H, dd, J = 15.8, 4.6 Hz), 2.64 (1H, dd, J = 19.2, 6.8 Hz), 
2.65 (1H, dd, J = 16.0, 9.6 Hz), 3.940 (1H, d, J = 14.8 Hz), 3.943 (1H, m), 4.10 (2H, q, J = 7.2 Hz), 5.27 
(1H, d, J = 13.2 Hz), 5.31 (1H, d, J = 12.8 Hz), 5.37 (1H, d, J = 15.2 Hz), 7.20-7.48 (11H, m); 13C-NMR 
(100 MHz, CDCl3) δ (ppm): 14.1, 28.5, 36.3, 48.1, 50.7, 61.0, 67.0, 127.7, 128.1, 128.20, 128.25, 128.5, 
128.7, 129.1, 135.7, 137.4, 144.1, 159.9, 163.8, 170.7; MS m/z: 407 (M+, 23.4%), 316, 91 (100%); HRMS 
Calcd C24H25NO5: 407.1733, Found: 407.1726. 
 
(Table 3; entry 2) 
Following General Procedure-2, 58a (6.70 g, 21.0 mmol), SKA-1 (9.00 mL, 35.6 mmol) and Et2AlCl 
(0.95M hexane solution, 23.2 mL, 22.0 mmol) in dichloromethane (72.0 mL) were reacted at −40˚C for 5 h. 
After purification, 72a (4.53 g, 53%) and 73a (2.32 g, 27%) were obtained. 
 
1,1,1,3,3,3-hexafluoroisopropyl N-benzyl-4-(ethoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine 
-3-carboxylate (72b) and 1,1,1,3,3,3-hexafluoroisopropyl N-benzyl-6-(ethoxycarbonyl)methyl-2-oxo- 
1,2,5,6-tetrahydropyridine-3-carboxylate (73b) 
N
Bn
N
Bn
O O
72b
EtO
O
73b
O
EtO
O
O
O
O
CF3
CF3
CF3
CF3
 
(Table 3; entry 3) 
Following General Procedure-1, 58b (51.1 mg, 0.134 mmol), SKA-1 (0.10 mL, 0.40 mmol) and TBSOTf 
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(5 µL, 0.0218 mmol) in 1,2-dichloroethane (0.70 mL) were reacted at −20˚C for 2 h. After purification by 
silica gel chromatography (ethyl acetate : hexane = 1:6), 72a (30.5 mg, 49%) and 73a (13.6 mg, 22%) were 
obtained as a colorless oil, respectively and 58b (10.0 mg, 20%) was recovered. 
72b: IR ν (film) cm–1: 1780, 1732, 1682, 1393, 1286, 1234, 1202, 1111; 1H-NMR (400 MHz, CDCl3) δ 
(ppm): 1.25 (3H, t, J = 7.2 Hz), 2.38 (1H, dd, J = 16.0, 8.0 Hz), 2.44 (1H, dd, J = 16.0, 5.6 Hz), 3.38 (1H, 
m), 3.78 (1H, d, J = 8.4 Hz), 4.15 (2H, q, J = 7.2 Hz), 4.64 (1H, d, J = 14.8 Hz), 4.80 (1H, d, J = 14.8 Hz), 
5.18 (1H, dd, J = 7.8, 4.2 Hz), 6.06 (1H, dd, J = 7.8, 1.4 Hz), 7.20-7.40 (5H, m); 13C-NMR (100 MHz, 
CDCl3) δ (ppm): 14.1, 32.3, 36.8, 49.3, 52.5, 61.0, 67.1, 108.1, 118.7, 121.5, 127.78, 127.82, 128.7, 128.9, 
135.9, 162.8, 166.4, 170.2; MS m/z: 467 (M+, 0.8%), 380, 272, 91 (100%); HRMS Calcd C20H19NO5F6: 
467.1167, Found: 467.1173. 
73b: IR ν (film) cm–1: 1776, 1732, 1661, 1377, 1290, 1232, 1198, 1111; 1H-NMR (400 MHz, CDCl3) δ 
(ppm): 1.26 (3H, t, J = 7.1 Hz), 2.52-2.61 (2H, m), 2.64 (1H, dd, J = 16.2, 9.4 Hz), 2.74 (1H, dd, J = 19.0, 
7.4 Hz), 3.97 (1H, d, J = 14.8 Hz), 3.99 (1H, m), 4.13 (2H, q, J = 7.1 Hz), 5.37 (1H, d, J = 15.2 Hz), 5.91 
(1H, septet, J = 6.0 Hz), 7.15-7.55 (6H, m); MS m/z: 467 (M+, 40.0%), 380, 91 (100%); HRMS Calcd 
C20H19NO5F6: 467.1167, Found: 467.1165. 
 
(Table 3; entry 4) 
Following General Procedure-1, 37c (48.6 mg, 0.200 mmol), SKA-1 (150 µL, 0.593 mmol) and TBSOTf 
(4.5 µL, 0.065 mmol) in 1,2-dichloroethane (0.9 mL) were reacted for 24 h. After purification, 38c (13.0 
mg, 20%), 39c (23.4 mg, 35%) were obtained and 37c (12.3 mg, 25%) was recovered. 
 
(Table 3; entry 5) → See (Table 2; entry 3) 
 
General Procedure for Table 4 
SKA-1 and TBSOTf (10 mol%) were added to a solution of a 37c in anhydrous 1,2-dichloroethane at 
−20˚C. After being stirred at the same temperature for the time listed in table, work-up was conducted 
according to General Procedure-1. The crude product was purified by silica gel column chromatography 
(ethyl acetate : hexane = 1:2) to afford 38c, 39c and recovered 37c. 
(Table 4; entry 1) 
Following the general procedure, 37c (51.4 mg, 0.211 mmol), SKA-1 (0.16 mL, 0.59 mmol) and TBSOTf 
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(5.0 µL, 0.022 mmol) in 1,2-dichloroethane (0.9 mL) were reacted for 4 h. After purification, 38c (15.5 mg, 
22%) and 39c (10.7 mg, 15%) were obtained and 37c (20.9 mg, 41%) was recovered. 
 
(Table 4; entry 2) 
Following the general procedure, 37c (51.8 mg, 0.213 mmol), SKA-1 (0.16 mL, 0.59 mmol) and TBSOTf 
(5.0 µL, 0.022 mmol) in 1,2-dichloroethane (0.9 mL) were reacted for 8 h. After purification, 38c (16.3 mg, 
25%) and 39c (17.4 mg, 23%) were obtained and 37c (13.9 mg, 27%) was recovered. 
 
(Table 4; entry 3) 
Following the general procedure, 37c (50.8 mg, 0.208 mmol), SKA-1 (0.16 mL, 0.59 mmol) and TBSOTf 
(5.0 µL, 0.022 mmol) in 1,2-dichloroethane (0.9 mL) were reacted for 12 h. After purification, 38c (17.8 
mg, 26%) and 39c (19.5 mg, 28%) were obtained and 37c (13.1 mg, 26%) was recovered. 
 
(Table 4; entry 4) 
Following the general procedure, 37c (51.9 mg, 0.213 mmol), SKA-1 (0.16 mL, 0.59 mmol) and TBSOTf 
(5 µL, 0.022 mmol) in 1,2-dichloroethane (0.9 mL) were reacted for 18 h. After purification, 38c (13.2 mg, 
19%) and 39c (26.0 mg, 37%) were obtained and 37c (10.4 mg, 20%) was recovered. 
 
(Table 4; entry 5) → See (Table 3; entry 4) 
(Table 4; entry 6) → See (Table 2; entry 1) 
 
(Table 4; entry 7) 
Following the general procedure, 37c (49.7 mg, 0.204 mmol), SKA-1 (0.16 mL, 0.59 mmol) and TBSOTf 
(5.0 µL, 0.022 mmol) in 1,2-dichloroethane (0.9 mL) were reacted for 71 h. After purification, 38b (10.4 
mg, 15%) and 39c (29.6 mg, 44%) were obtained and 37c (10.6 mg, 21%) was recovered. 
 
Methyl N-benzyl-2-tert-butyldimethylsilyloxy-4-(ethoxycarbonyl)methyl-1,4-dihydropyridine- 
3-carboxylate (38c-SKA) (Scheme 20) 
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A solution of 38c (38.7 mg, 0.117 mmol) in anhydrous THF (0.3 mL) was added to a solution of LDA in 
anhydrous THF (0.7 mL) at −78˚C, which is prepared from iPrNH (20 µL, 0.14 mmol) and BuLi (1.35 M 
hexane solution, 95 µL, 0.13 mmol). After being stirred for 30 min at the same temperature, HMPA (40 µL, 
0.24 mmol) and TBSOTf (75 µL, 0.33 mmol) was added successively at −78˚C and the mixture was 
gradually warmed to room temperature. After being stirred for additional 4 h, the mixture was diluted with 
diethyl ether and phosphate buffer solution (pH 6.86) was added at 0˚C. The organic layer was washed with 
cold water and brine, dried over anhydrous MgSO4 and concentrated in vacuo to afford 38c-SKA (~58 mg) 
as a yellow oil, which was used to the next reaction without further purification. 
1H-NMR (400 MHz, CDCl3) δ (ppm): 0.19 (3H, s), 0.26 (3H, s), 0.98 (9H, s), 1.26 (3H, t, J = 7.2 Hz), 2.28 
(1H, dd, J = 14.7, 8.7 Hz), 2.50 (1H, dd, J = 14.7, 4.4 Hz), 3.66 (3H, s), 3.85 (1H, ddd, J = 8.7, 6.1, 4.4 Hz), 
4.07-4.18 (2H, m), 4.49 (1H, d, J = 15.3 Hz), 4.64 (1H, d, J = 15.3 Hz), 5.02 (1H, dd, J = 7.7, 6.1 Hz), 5.79 
(1H, d, J = 7.7 Hz), 7.17-7.39 (5H, m). 
 
Procedure for Scheme 21 
SKA-1 (40 µL, 0.16 mmol) and TBSOTf (3.5 µL, 0.015 mmol) was added to a solution of 38c-SKA (crude 
product of Scheme 20) in anhydrous 1,2-dichloroethane (0.8 mL) at −20˚C. After being stirred for 10 h, 
phosphate buffer solution (pH 6.86) was added at 0˚C. The mixture was extracted with ethyl acetate, dried 
over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column chromatography 
(ethyl acetate : hexane = 1:2) to afford 38c (7.9 mg, 30%), 39c (5.5 mg, 21%), and 37c (4.5 mg, 23%). 
 
(S)-Methyl N-(1’-phenyl)ethyl-2-pyridinone-3-carboxylate (74a) (Scheme 22) 
N O
CO2Me
PhMe  
(S)-α-Methylbenzylamine (76) (1.15 mL, 8.93 mmol) was added to a solution of cyanoacetic acid (0.750 
g, 8.82 mmol) in dichloromethane (30.0 mL) at 0˚C, and stirred vigorously. After 5 min, a solution of DCC 
(1.91 g, 9.26 mmol) and DMAP (109 mg, 0.892 mmol) in dichloromethane (15.0 mL) was added to the 
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mixture, and stirred for 5.5 h at room temperature. The precipitate was filtered off and the filtrate was 
concentrated in vacuo to give 77 as a white solid, which was used in the next reaction without further 
purification. 
 To a suspension of 77 in 0.5 M HCl (22.0 mL) and THF (12.0 mL) was added malonaldehyde 
bis(dimethylacetal) (78) (1.89 mL, 11.5 mmol) in five portions every 5 min at 50˚C. After 5 min, 
triethylamine (4.00 mL, 28.8 mmol) was added to the mixture and refluxed for 21 h. 1 M HCl added, and 
extracted with ethyl acetate. The organic layer was washed with water and brine, dried over anhydrous 
MgSO4 and concentrated. The residue was chromatographed on silica gel eluting with ethyl 
acetate−hexane−toluene (1:1:1) to afford 79 as a yellow solid, which was subjected in the next reaction 
without further purification. 
 A solution of 79 and KOH (1.35 g, 24.1 mmol) in ethanol (12.0 mL) was refluxed for 28h. The solvent 
was evaporated and the residue was acidified with 1 M HCl, and extracted with ethyl acetate. The 
combined organic layer was washed with brine, dried over anhydrous MgSO4 and evaporated. The residue 
was purified by silica gel chromatography (ethyl acetate : hexane = 1:1) to yield 80 as a yellow solid, which 
was used in the next reaction without further purification. 
SOCl2 (0.80 mL, 11 mmol) was added to a solution of 80 in methanol (8.0 mL) at 0˚C and the solution 
was refluxed for 2 h. The solvent and the excess reagent were evaporated. The residue was dissolved in 
water, neutralized with Na2CO3 and the mixture was extracted with ethyl acetate. The organic layer was 
washed with brine, dried over anhydrous MgSO4 and concentrated in vacuo. The crude product was 
purified by silica gel chromatography (ethyl acetate : hexane = 2:1) and recrystallized from ethyl acetate 
(1:10) to afford 74 (408 mg, 17 %, 4 steps).  
Mp 95-96˚C (colorless needles from ethyl acetate-hexane); [α]D21 −430.7 (c 1.00, CHCl3); IR ν (film) cm–1: 
1738, 1653, 1545, 1286, 1103; 1H-NMR (400 MHz, CDCl3) δ (ppm): 1.73 (3H, d, J = 7.2 Hz), 3.92 (3H, s), 
6.18 (1H, t, J = 7.0 Hz), 6.52 (1H, q, J = 7.1 Hz), 7.27-7.41 (6H, m), 8.10 (1H, dd, J = 7.0, 2.2 Hz); 
13C-NMR (100 MHz, CDCl3) δ (ppm): 19.0, 52.3, 53.1, 105.0, 120.3, 127.4, 128.1, 128.8, 139.4, 139.5, 
144.1, 159.1, 165.8; MS m/z: 257 (M+, 78.7%), 197, 105 (100%); HRMS Calcd C15H15NO3: 257.1052, 
Found: 257.1045. Anal. Calcd C15H15NO3: C, 70.02; H, 5.88; N, 5.44. Found: C, 70.09; H, 6.08; N, 5.47. 
 
Methyl 4-(ethoxycarbonyl)methyl-2-oxo-N-(1-phenyl)ethyl-1,2,3,4-tetrahydropyridine-3-carboxylate 
(81c) (Scheme 23) 
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Following General Procedure-1, 74 (38.8 mg, 0.151 mmol), SKA-1 (0.11 mL, 0.435 mmol), and TBSOTf 
(5.0 µL, 0.022 mmol) in 1,2-dichloroethane (0.7 mL) were reacted at −20˚C for 24 h. After purification by 
silica gel chromatography (ethyl acetate : hexane = 1:3), 81c (10.1 mg, 19%, d.r. 1:1) was obtained as a 
pale yellow oil and 74 (22.4 mg, 57%) was recovered. 
IR ν (neat) cm–1: 1738, 1672, 1398, 1240, 1200, 1175; 1H-NMR (400 MHz, CDCl3) δ (1:1 mixture of 
diastereomers): 1.24 (1.5H, t, J = 7.2 Hz), 1.26 (1.5H, t, J = 7.4 Hz), 1.55 (1.5H, d, J = 7.2 Hz), 1.57 (1.5H, 
d, J = 6.8 Hz), 2.30 (0.5H, dd, J = 16.2, 8.2 Hz), 2.37 (0.5H, dd, J = 16.4, 8.4 Hz), 2.40 (0.5H, dd, J = 16.0, 
6.0 Hz), 2.43 (0.5H, dd, J = 16.2, 6.6 Hz), 3.27-3.41 (1H, m), 3.51 (0.5H, d, J = 8.0 Hz), 3.53 (0.5H, d, J = 
5.2 Hz), 3.76 (1.5H, s), 3.79 (1.5H, s), 4.13 (1H, q, J = 7.2 Hz), 4.15 (1H, q, J = 7.3 Hz), 5.12 (0.5H, dd, J 
= 8.0, 4.4 Hz), 5.17 (0.5H, dd, J = 7.8, 5.4 Hz), 5.84 (0.5H, d, J = 8.0 Hz), 5.90 (0.5H, dd, J = 8.0, 1.2 Hz), 
6.00 (0.5H, q, J = 6.7 Hz), 6.03 (0.5H, q, J = 6.8 Hz), 7.23-7.43 (5H, m); MS m/z: 345 (M+, 4.6%), 286, 
258, 182, 105 (100%); HRMS Calcd C19H23NO5: 345.1576, Found: 345.1591. 
 
General Procedure for Table 5 
Following General Procedure-2, 37c or 58a, SKA-1, and Et2AlCl in anhydrous dichloromethane were 
reacted at the condition listed in Table. After being stirred for the time listed in Table, the mixture was 
diluted with diethylether and 25% aqueous NH3 was added. Inorganic precipitate was filtered through a pad 
of CeliteR and the filtrate was evaporated. The crude product was purified by silica gel column 
chromatography (ethyl acetate : hexane = 1:2) to afford 38c (trans : cis = 10:1), 39c and recovered 37c. 
(Table 5; entry 1) 
Following the general procedure, 37c (52.0 mg, 0.214 mmol), SKA-1 (60 µL, 0.24 mmol) and Et2AlCl 
(1.06 M hexane solution, 0.030 mL, 0.032 mmol) in dichloromethane (2.5 mL) were reacted at −40˚C for 4 
h. After purification, 38c (2.0 mg, 6%) was obtained and 37c (44.0 mg, 85 %) was recovered. 
 
(Table 5; entry 2) 
Following the general procedure, 37c (51.6 mg, 0.212 mmol), SKA-1 (60 µL, 0.24 mmol) and Et2AlCl 
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(1.06 M hexane solution, 0.22 mL, 0.23 mmol) in dichloromethane (2.5 mL) were reacted at −40˚C for 2 h. 
After purification, 38c (11.1 mg, 16%), 39c (7.0 mg, 10%) were obtained and 37c (18.0 mg, 35%) was 
recovered. 
 
(Table 5; entry 3) 
Following the general procedure, 37c (54.0 mg, 0.222 mmol), SKA-1 (60 µL, 0.237 mmol) and Et2AlCl 
(1.06 M hexane solution, 0.23 mL, 0.24 mmol) in dichloromethane (2.5 mL) were reacted at −40˚C for 12 h. 
After purification, 38c (21.7 mg, 29%), 39c (2.0 mg, 3%) were obtained and 37c (12.7 mg, 15%) was 
recovered. 
 
(Table 5; entry 4) → See (Table 2; entry 3) 
(Table 5; entry 5) → See (Table 3; entry 2) 
 
Benzyl N-benzyl-4-[1’-(ethoxycarbonyl)propyl]-2-oxo-1,2,3,4-tetrahydropyridine-3-carboxylate (82) 
and Benzyl N-benzyl-6-[1’-(ethoxycarbonyl)propyl]-2-oxo-1,2,5,6-tetrahydropyridine-3-carboxylate 
(83) (Table 6) 
N O
CO2Bn
Bn
OEt
O
*
*
N O
CO2Bn
Bn
*EtO
O
*
82 83  
(Table 6, entry1) 
Following General Procedure-1, 58a (52.5 mg, 0.164 mmol), TBS ketene acetal (E)-SKA-2 (E:Z = 
90:10) (0.14 mL, 0.49 mmol) and TBSOTf (5.0 µL, 0.022 mmol) in 1,2-dichloroethane (0.9 mL) were 
reacted at −20˚C for 24 h. After purification by silica gel chromatography (ethyl acetate : hexane = 1:4), 82 
(5.9 mg, 8%, d.r. = 1.1: 1) were obtained as a pale yellow oil and 58a (31.0 mg, 59 %) was recovered.  
82: IR ν (neat) cm–1: 1732, 1682, 1393, 1217, 1180; 1H-NMR (400 MHz, CDCl3) δ (ppm) (1:2 mixture of 
diastereomers): 0.79-0.92 (3H, m), 1.16-1.30 (3H, m), 1.40-1.90 (2H, m), 2.30 (1H, m), 3.17 (1H, m), 3.57 
(0.33H, d, J = 4.0 Hz), 3.67 (0.67H, d, J = 5.6 Hz), 4.00-4.20 (2H, m), 4.52 (0.67H, d, J = 15.2 Hz), 4.55 
(0.33H, d, J = 15.2 Hz), 4.84 (0.33H, d, J = 15.2 Hz), 4.86 (0.67H, d, J = 15.2 Hz), 5.08-5.27 (3H, m), 6.00 
(0.33H, d, J = 7.6 Hz), 6.01 (0.67H, d, J = 8.0 Hz), 7.00-7.50 (10H, m); MS m/z: 435 (M+, 0.9%), 320, 300 
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(100%), 91; HRMS Calcd C26H29NO5: 435.2046, Found: 435.2028. 
83: IR ν (neat) cm–1: 1732, 1666, 1454, 1271, 1217, 1184; 1H-NMR (400 MHz, CDCl3) δ (ppm) (1:1 
mixture of diastereomers): 0.84 (1.5H, t, J = 7.2 Hz), 0.88 (1.5H, t, J = 7.2 Hz), 1.16 (1.5H, t, J = 7.2 Hz), 
1.24 (1.5H, t, J = 7.0 Hz), 1.35-1.90 (4H, m), 2.35-2.60 (2H, m), 2.70 (1H, m), 3.64 (0.5H, m), 3.70 (0.5H, 
m), 3.78 (0.5H, d, J = 14.8 Hz), 3.82 (0.5H, d, J = 15.2 Hz), 3.93 (0.5H, dq, J = 11.2, 7.1 Hz), 4.06 (0.5H, 
dq, J = 10.8, 7.2 Hz), 4.13 (1H, q, J = 7.2 Hz), 4.14 (1H, q, J = 7.2 Hz), 5.26 (1H, s), 5.29 (1H, s), 5.52 
(0.5H, d, J = 14.8 Hz), 5.63 (0.5H, d, J = 15.2 Hz), 7.00-7.60 (11H, m); MS m/z: 435 (M+, 17.1%), 320, 91 
(100%); HRMS Calcd C26H29NO5: 435.2046, Found: 435.2057. 
(Table 6; entry 2) 
Following General Procedure-2, 58a (403 mg, 1.26 mmol), (E)-SKA-2 (E:Z = 90:10) (0.72 mL, 2.50 
mmol) and Et2AlCl (0.95 M hexane solution, 1.40 mL, 1.33 mmol) in dichloromethane (8.0 mL) were 
reacted at −40˚C for 2 h. After purification, 82 (371.4 mg, 68%, d.r. = 2:1) and 83 (60.5 mg, 11%, d.r. = 
1:1.1) (as a pale yellow oil) were obtained. 
 
(Table 6; entry 3) 
Following General Procedure-1, 58a (51.1 mg, 0.160 mmol), (Z)-SKA-2 (Z:E = 92:8) (0.14 mL, 0.487 
mmol) and TBSOTf (3.5 µL, 0.0152 mmol) in 1,2-dichloroethane (0.9 mL) were reacted at −20˚C for 24 h. 
After purification, 82 (7.1 mg, 10%, d.r. = 1:1.2) and 83 (4.6 mg, 7%, d.r. = 1.7:1) were obtained and 58a 
(37.2 mg, 73 %) was recovered. 
 
(Table6; entry 4) 
Following General Procedure-2, 58a (52.8 mg, 0.165 mmol), (Z)-SKA-2 (Z:E = 92:8) (0.10 mL, 0.348 
mmol) and Et2AlCl (0.95 M hexane solution, 0.20 mL, 0.19 mmol) in dichloromethane (1.0 mL) were 
reacted at −40˚C for 2 h. After purification, 82 (36.3 mg, 51%, d.r = 1:4) and 83 (4.1 mg, 6%, d.r. = 2:1) 
were obtained and 58a (17.1 mg, 32 %) was recovered. 
 
Benzyl N-benzyl-4-[1’-(ethoxycarbonyl)propyl]-2-oxo-piperidine- 3-carboxylate (84) (Scheme 24) 
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N O
CO2Bn
Bn
OEt
O
*
*
 
Under H2 atmosphere, a solution of the diastereomer mixture of 82 (20.0 mg, 0.0459 mmol) in ethyl acetate 
(1.0 mL) was stirred at ambient temperature in the presence of PtO2 (1.0 mg, 4.4 µmol). After 1.5 h, the 
mixture was filtered through a pad of CeliteR and the filtrate was evaporated. The residue was purified by 
silica gel column chromatography (ethyl acetate : hexane = 1:3) to afford 84 (13.0 mg, 65%) as a colorless 
oil. 
IR ν (film) cm−1: 2966, 2934, 1732, 1651, 1454, 1246, 1180, 1157; 1H-NMR (600MHz, CDCl3) δ (ppm) 
(2:1 mixture of regioisomers): 0.83 (3H, s), 1.21 (1H, t, J = 7.2 Hz), 1.23 (2H, t, J = 7.2 Hz), 1.40-1.72 (3H, 
m), 1.91 (0.33H, dq, J = 13.8, 4.2 Hz), 1.95 (0.67H, dq, J = 13.8, 3.6 Hz), 2.23 (1H, m), 2,44 (0.33H, m), 
2.60 (0.67H, m), 3.15-3.26 (2H, m), 3.49 (0.67H, d, J = 9.6 Hz), 3.50 (0.33H, d, J = 9.6 Hz), 4.06-4.16 (2H, 
m), 4.53 (0.33H, d, J = 14.7 Hz), 4.54 (0.67H, d, J = 14.4 Hz), 4.65 (0.67H, d, J = 14.4 Hz), 4.66 (0.33H, d, 
J = 14.7 Hz), 5.21 (0.67H, d, J = 12.0 Hz), 5.24 (0.33H, d, J = 12.3 Hz), 5.27 (0.67H, d, J = 12.0 Hz), 5.29 
(0.33H, d, J = 12.3 Hz), 7.21-7.42 (10H, m); MS m/z: 437 (M+), 346 (100%), 328, 302; HRMS Calcd 
C26H31NO5: 437.2202. Found: 437.2201. 
 
Methyl N-benzyl-4-(ethoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-5-carboxylate (85c) 
(Scheme 25) 
N O
Bn
MeO2C
CO2Et
 
Following General procedure-1, 40c (26.8 mg, 0.110 mmol), SKA-1 (90 µL, 0.36 mmol) and TBSOTf 
(2.5 µL, 0.011 mmol) in 1,2-dichloroethane (1.0 mL) were reacted at −10˚C for 21 h. After purification, 85c 
(5.8 mg, 16%) was obtained as a pale yellow oil and 40c (14.3 mg, 53%) was recovered. 
IR ν (film) cm−1: 2951, 1732, 1693, 1651, 1379, 1259, 1184; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.25 
(3H, t, J = 7.2 Hz), 2.32 (1H, dd, J = 15.8, 9.6 Hz), 2.47 (1H, dd, J = 15.8, 4.7 Hz), 2.76 (2H, d, J = 4.7 Hz), 
3.36 (1H, dq, J = 9.6, 4.7 Hz), 3.72 (3H, s), 4.11 (2H, q, J = 7.2 Hz), 4.75 (2H, s), 7.22-7.37 (6H, m); 
13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 28.3, 35.9, 37.0, 49.9, 51.7, 60.7, 110.9, 127.6, 127.9, 128.8, 
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136.2, 139.6, 166.0, 168.6, 171.0; MS m/z: 331 (M+, 0.8%), 257, 244 (100%), 155; HRMS Calcd 
C18H21NO5: 331.1420. Found: 331.1408. 
 
The Second Section 
Genaral Procedure for the Conjugate Addition Reaction between N-tert-Butoxycarbonyl- or 
N-Tosyl-2-pyridinone Derivative and Silyl Ketene Acetal. 
General Procedure-4 (Lewis acid = TBSOTf) 
Under argon atmosphere, a silyl ketene acetal and TBSOTf was successively added to a solution of a 
2-pyridinone derivative in anhydrous dichloromethane or 1,2-dichloroethane. After being stirred in the 
condition listed in table, the mixture was diluted with diethyl ether and phosphate buffer solution (pH 6.86) 
was added. The mixture was extracted with diethyl ether and the combined organic layer was dried over 
anhydrous MgSO4. The solvent was evaporated and the residue was dissolved in THF, then aqueous HCl 
was added at 0˚C. After being stirred, the mixture was neutralized with saturated aqueous NaHCO3 and 
extracted with diethyl ether. The combined organic solution was dried over anhydrous MgSO4 and 
evaporated. The residue was purified by silica gel column chromatography to afford C4-adduct and/or 
C6-adduct. 
 
General Procedure-5 (Lewis acid = Me3Al) 
Under argon atmosphere, a silyl ketene acetal and Me3Al (hexane solution) were added successively to a 
solution of a 2-pyridinone derivatives in anhydrous dichloromethane. After being stirred in the condition 
listed in table, the mixture was diluted with diethyl ether and 25% aqueous NH3 was added. Precipitate was 
filtered through a pad of CeliteR and the filtrate was evaporated. The residue was dissolved in THF and 
aqueous HCl was added at 0˚C. After being stirred, the mixture was neutralized with saturated aqueous 
NaHCO3 and extracted with diethyl ether. The combined organic solution was dried over anhydrous 
MgSO4 and evaporated. The residue was purified by silica gel column chromatography to afford C4-adduct 
and/or C6-adduct. 
 
General Procedure-6 [Lewis acid = Al(OEt)3 or Sn(OTf)3 or FeCl3 or Zn(OTf)2] 
Under argon atmosphere, a silyl ketene acetal and a solution of a 2-pyridinone derivative in anhydrous 
dichloromethane or 1,2-dichloroethane were added successively to a suspension of a Lewis acid in 
 85
dichloromethane or 1,2-dichloroethane. After being stirred in the condition listed in table, the mixture was 
diluted with diethyl ether and 25% aqueous NH3 was added. Precipitate was filtered through a pad of 
CeliteR and the filtrate was evaporated. [When Zn(OTf)2 was used, the reaction was stopped with phosphate 
buffer solution (pH 6.86) and the mixture was extracted with diethyl ether. The combined organic layer was 
dried over anhydrous MgSO4 and the solvent was evaporated.] The residue was dissolved in THF and 
aqueous HCl was added at 0˚C. After being stirred, the mixture was neutralized with saturated aqueous 
NaHCO3 and extracted with diethyl ether. The combined organic solution was dried over anhydrous 
MgSO4 and evaporated. The residue was purified by silica gel column chromatography to afford C4-adduct 
and/or C6-adduct. 
 
Methyl N-tert-butoxycarbonyl-2-pyridinone-3-carboxylate (37b) (Scheme 26) 
N O
CO2Me
Boc  
Under argon atmosphere, triethylamine (5.70 mL, 40.9 mmol) and di-tert-butyl dicarbonate (8.65 mL, 37.7 
mmol) was successively added to a suspension of 37d (4.80 g, 31.3 mmol) in anhydrous acetonitrile (100 
mL) at 0˚C. After being stirred at room temperture for 8 h, solvent was evaporated. The residue was 
purified by silica gel column chromatography (ethyl acetate : hexane = 1:2) to afford 37b (7.42 g, 94%) as 
a pale yellow oil. 
IR ν (film) cm−1: 2984, 1744, 1713, 1682, 1543, 1254, 1146; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.63 
(9H, s), 3.90 (3H, s), 6.21 (1H, t, J = 7.1 Hz), 7.72 (1H, dd, J = 7.1, 2.3 Hz), 8.11 (1H, dd, J = 7.1, 2.3 Hz); 
13C-NMR (100MHz, CDCl3) δ (ppm): 27.7, 52.5, 87.3, 104.4, 123.2, 137.99, 138.03, 145.6, 150.7, 157.2, 
164.9; FABMS m/z: 254 (M + H)+, 154 (100%); HRMS [FAB] (M + H)+ Calcd C12H16NO5: 254.1028. 
Found: 254.1036. 
 
Methyl N-tert-butoxycarbonyl-2-pyridinone-5-carboxylate (40b) 
N O
Boc
MeO2C
 
Under argon atmosphere, triethylamine (1.18 mL, 8.47 mmol) and di-tert-butyl dicarbonate (1.80 mL, 7.84 
mmol) was successively added to a suspension of 40d (1.00 g, 6.53 mmol) in anhydrous acetonitrile (22 
mL) at 0˚C. After being stirred at ambient temperature for 10 h, solvent was evaporated. The residue was 
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purified by silica gel column chromatography (ethyl acetate : hexane = 1:4) to afford 40b (1.17 g, 71%). 
Mp 52-53 ˚C (colorless prisms from diethyl ether-hexane); IR ν (film) cm−1: 2983, 1759, 1728, 1693, 1443, 
1312, 1254, 1150; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.64 (9H, s), 3.87 (3H, s), 6.50 (1H, d, J = 9.6 Hz), 
7.76 (1H, dd, J = 9.6, 2.6 Hz), 8.41 (1H, d, J = 2.6 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 21.7, 52.3, 
87.5, 109.8, 122.3, 138.5, 139.0, 149.8, 160.0, 164.1; FABMS m/z: 254 (M + H)+, 198, 154 (100%), 57; 
Anal. Calcd C12H15NO5: C, 56.91; H, 5.97; N, 5.53. Found: C, 56.89; H, 6.03; N, 5.58. 
 
Methyl N-tosyl-2-pyridinone-3-carboxylate (37a) 
N O
CO2Me
Ts  
Under argon atmosphere, LiHMDS (1.0 M solution in THF, 0.96 mL, 0.96 mmol) was added to a 
suspension of 37d (100 mg, 0.800 mmol) in anhydrous THF (1.0 mL) at −20˚C. After being stirred at the 
same temperature for 30 min, a solution of tosyl chloride (262 mg, 1.41 mmol) in THF (1.0 mL) was added 
at 0˚C. The mixture was slowly warmed to room temperature and stirred for 6.5 h. Phosphate buffer 
solution (pH 6.86) was added at 0˚C and the mixture was extracted with ethyl acetate. The organic layer 
was washed with brine, dried over anhydrous MgSO4 and concentrated in vacuo. The residue was purified 
by silica gel column chromatography (ethyl acetate : hexane = 1:2) to afford 37a (128 mg, 52%) as a white 
solid. 
Mp 119 ˚C (white powder from ethyl acetate-hexane); IR ν (film) cm–1: 1746, 1713, 1682, 1371, 1288, 
1252, 1190, 1177; 1H-NMR (400 MHz, CDCl3) δ (ppm): 2.44 (3H, s), 3.83 (3H, s), 6.34 (1H, t, J = 7.2 Hz), 
7.35 (2H, d, J = 8.2 Hz), 8.01 (2H, d, J = 8.22 Hz), 8.14 (1H,dd, J = 7.2, 2.2 Hz), 8.33 (1H, dd, J = 7.2, 2.2 
Hz); 13C-NMR (100 MHz, CDCl3) δ (ppm): 21.9, 52.6, 105.0, 123.6, 129.6, 130.1, 132.8, 136.4, 146.4, 
146.7, 156.8, 164.2; MS m/z: 276 (M+-31, 10.8 %), 243, 185, 91 (100 %); HRMS Calcd C13H10NO4S: 
276.0330, Found: 276.0320. Anal. Calcd C13H10NO4S: C, 54.71; H, 4.26; N, 4.56. Found: C, 54.53; H, 
4.37; N, 4.57. 
 
Methyl N-tosyl-carbonyl-2-pyridinone-5-carboxylate (40a) (lit.3) 
                                                        
3 Fujita, R.; Watanabe, K.; Ikeura, W.; Ohtake, Y.; Hongo, H.; Harigaya, Y.; Matsuzaki, H. Tetrahedron 
2001, 57, 8841-8850. 
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MeO2C
 
Under argon atmosphere, LiHMDS (1.0 M solution in THF, 1.05 mL, 1.05 mmol) was added to a 
suspension of 40d (152 mg, 0.993 mmol) in anhydrous THF (2.0 mL) at −10˚C. After being stirred at the 
same temperature for 30 min, a solution of tosyl chloride (265 mg, 1.39 mmol) in THF (2.0 mL) was added 
at 0˚C. The mixture was slowly warmed to room temperature and stirred for 8 h. Phosphate buffer solution 
(pH 6.86) was added at 0˚C and the mixture was extracted with ethyl acetate. The organic layer was washed 
with brine, dried over anhydrous MgSO4 and concentrated in vacuo. The residue was purified by silica gel 
column chromatography (ethyl acetate : hexane = 1:3) to afford 20a (276 mg, 90%). Mp. 129-132˚C 
(colorless needles from ethyl acetate-hexane) (lit. iii 130-132˚C); IR ν (film) cm−1: 1726, 1693, 1298, 1252, 
1177, 1109; 1H-NMR (400MHz, CDCl3) δ (ppm): 2.45 (3H, s), 3.91 (3H, s), 6.41 (1H, d, J = 9.8 Hz), 7.37 
(2H, d, J = 8.4 Hz), 7.82 (1H, dd, J = 9.8, 2.4 Hz), 8.01 (2H, d, J = 8.4 Hz), 8.93 (1H, d, J = 2.4 Hz); 
13C-NMR (100MHz, CDCl3) δ (ppm): 21.8, 52.4, 110.6, 122.5, 129.6, 130.1, 132.6, 137.2, 139.8, 146.8, 
159.5, 163.9; FABMS m/z: 308 (M + H)+, 155, 55 (100%). 
 
Methyl N-tert-butoxycarbonyl-4-(ethoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-3- 
carboxylate (38b) (Table 7) 
N
Boc
O
CO2Me
OMe
O
 
General Procedure for Table 7 
Following General Procedure-4-6, 37b, SKA-1, and a Lewis acid in anhydrous dichloromethane were 
reacted in the condition listed in table. After the reaction was stopped, the reaction intermediate was 
dissolved in THF and 1 M aqueous HCl was added at 0˚C. After being stirred for 2 h, the mixture was 
neutralized with saturated aqueous NaHCO3 and extracted with diethyl ether. The organic solution was 
dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column 
chromatography (ethyl acetate : hexane = 1:3) to affod 38b as a pale yellow oil. 
IR ν (film) cm−1: 2984, 1788, 1732, 1371, 1298, 1254, 1155; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.26 
(3H, t, J = 7.1 Hz), 1.55 (9H, s), 2.38 (1H, dd, J = 16.1, 8.2 Hz), 2.45 (1H, dd, J = 16.1, 6.0 Hz), 3.38 (1H, 
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m), 3.56 (1H, d, J = 7.2 Hz), 3.78 (3H, s), 4.15 (2H, q, J = 7.1 Hz), 5.28 (1H, dd, J = 8.4, 4.4 Hz), 6.81 (1H, 
dd, J = 8.4, 1.2 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 27.9, 32.0, 37.2, 52.8, 55.0, 60.8, 84.5, 
109.4, 125.6, 149.3, 164.3, 168.3, 170.4; FABMS m/z: 342 (M + H)+, 286, 154 (100%), 57; HRMS [FAB] 
(M + H)+ Calcd C16H24NO7: 342.1553. Found: 342.1546. 
(Table 7; entry 1) 
Following General Procedure-4, 37b (50.0 mg, 0.197 mmol), SKA-1 (150 mL, 0.593 mmol), and 
TBSOTf (7.0 µL, 0.031 mmol) in anhydrous dichloromethane (2.5 mL) were reacted at −78˚C. After acid 
work-up and purification, 38c (36.3 mg, 54%) was obtained. 
 
(Table 7; entry 2) 
Following General Procedure-5, 37b (450 mg, 1.78 mmol), SKA-1 (1.35 mL, 5.34 mmol) and Me3Al 
(1.05 M hexane solution, 0.25 mL, 0.26 mmol) in anhydrous dichloromethane (20.0 mL) were reacted at 
−78˚C for 1.5 h. After acid work-up and purification, 38b (377 mg, 62%) was obtained. 
 
(Table 7; entry 3) 
Following General Procedure-5, 37b (50.0 mg, 0.197 mmol), SKA-1 (55 µL, 0.22 mmol) and Me3Al 
(1.05 M hexane solution, 30 µL, 0.032 mmol) in anhydrous dichloromethane (2.5 mL) were reacted at 
−78˚C for 1.5 h. After acid work-up and purification, 38b (37.5 mg, 56%) was obtained. 
 
(Table 7; entry 4) 
Following General Procedure-6, 37b (50.0 mg, 0.197 mmol), SKA-1 (0.15 mL, 0.59 mmol), and 
Zn(OTf)2 (10.0 mg, 0.0275 mmol) in anhydrous dichloromethane (2.5 mL) were reacted at −78˚C. After 
acid work-up and purification, 38b (28.1 mg, 42%) was obtained. 
 
Methyl N-tert-butoxycarbonyl-2-tert-butyldimethylsilyloxy-4-(ethoxycarbonyl)methyl-1,4- 
dihydropyridine-3-carboxylate (38b-SKA) (Scheme 28) 
N OTBS
Boc
CO2Me
O
OEt
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Under argon atmosphere, SKA-1 (1.10 mL, 4.35 mmol) and Me3Al (1.07 M hexane solution, 0.185 mL, 
0.198 mmol) were added successively to a solution 37c (1.00 g, 3.95 mmol) in anhydrous dichloromethane 
(25.0 mL) at −78˚C. After being stirred for 1.5 h, the mixture was diluted with diethyl ether and 25% 
aqueous NH3 was added. Inorganic precipitate was filtered through a pad of CeliteR and the filtrate was 
evaporated. The residue was subjected to a silica gel column chromatography (ethyl acetate : hexane = 1:3) 
to afford 38c-SKA (1.80 g, 100%) as a colorless oil; IR ν (film) cm−1: 2932, 1738, 1690, 1369, 1240, 1159, 
1142; 1H-NMR (400MHz, CDCl3) δ (ppm): 0.12 (3H, s), 0.14 (3H, s), 0.99 (9H, s), 1.25 (3H, t, J = 7.0 Hz), 
1.51 (9H, s), 2.25 (1H, dd, J = 15.4, 9.9 Hz), 2.51 (1H, dd, J = 15.4, 4.4 Hz), 3.70 (3H, s), 3.78 (1H, ddd, J 
= 9.9, 6.3, 4.4 Hz), 4.11 (2H, m), 5.40 (1H, t, J = 6.3 Hz), 6.62 (1H, d, J = 6.3 Hz); 13C-NMR (100MHz, 
CDCl3) δ (ppm): −4.9, −4.4, 14.3, 18.3, 25.7, 28.1, 32.1, 40.6, 51.1, 60.3, 82.8, 98.7, 113.9, 126.6, 149.5, 
151.8, 166.7, 171.5; FABMS m/z: 456 (M + H)+, 400, 368, 268, 57(100%); HRMS [FAB] (M + H)+ Calcd 
C22H38NO7Si: 456.2418. Found: 456.2395. 
 
Methyl N-tert-butoxycarbonyl-2-tert-butyldimethylsilyloxy-4-(1’-ethoxycarbonyl)propyl- 
1,4-dihydropyridine-3-carboxylate (86-SKA) (Scheme 29) 
N OTBS
Boc
O
OEt
CO2Me*
*
 
Under argon atmosphere, (E)-SKA-2 (E/Z = 85/15, 60 µL, 0.21 mmol) and Me3Al (hexane solution 1.06 M, 
30 µL, 0.032 mmol) was added successively to a solution of 37b (48.0 mg, 0.190 mmol) in anhydrous 
dichloromethane (2.5 mL) at −78˚C. After being stirred for 1 h, the mixture was diluted with diethyl ether 
and 25% aqueous NH3 was added. Inorganic precipitate was filtered through a pad of CeliteR and the filtrate 
was evaporated. The residue was purified by silica gel column chromatography (ethyl acetate : hexane = 
1:9) to afford 86-SKA (87.0 mg, 95%, d.r. = 1:2) as a colorless oil. 
As the same way, 37b (50.8 mg, 0.201 mmol), (Z)-SKA-2 (Z/E = 85/15, 65 µL, 0.23 mmol) and Me3Al 
(hexane solution 1.06M, 30 µL, 0.032 mmol) in dichloromethane (2.5 mL) were reacted at −78˚C for 1 h to 
afford mixture of 86-SKA (98.0 mg, quant, d.r. = 3:1). 
IR ν (film) cm−1: 2932, 1732, 1693, 1614, 1371, 1306, 1242, 1159; 1H-NMR (400MHz, CDCl3) δ (ppm) 
(2:1 mixture of diastereomers): 0.05 (2H, s), 0.09 (1H, s), 0.10 (2H, s), 0.12 (1H, s), 0.81 (3H, t, J = 7.4 Hz), 
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0.95 (9H, s), 1.20 (2H, t, J = 7.2 Hz), 1.25 (1H, t, J = 7.2 Hz), 1.43 (3H, s), 1.48 (6H, s), 1.35-1.70 (2H, m), 
2.22-2.29 (0.67H, m), 2.40 (0.33H, dt, J = 11.2, 3.6 Hz), 3.69 (2H, s), 3.70 (1H, s), 3.68-3.81 (1H, m), 
4.03-4.16 (2H, m), 5.16 (0.33H, t, J = 6.6 Hz), 5.23 (0.67H, t, J = 6.6 Hz), 6.63 (1H, d, J = 6.6 Hz); 
FABMS m/z: 484 (M + H)+, 428, 268 (100%), 236, 57; HRMS (M + Η)+ Calcd C24H42NO7Si: 484.2731. 
Found: 484.2730. 
 
Methyl N-tert-butoxycarbonyl-4-(ethoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-5- 
carboxylate (85b) and Methyl N-tert-butoxycarbonyl-6-(ethoxycarbonyl)methyl-2-oxo-1,2,3,6- 
tetrahydropyridine-5-carboxylate (41b) (Table 8) 
41b
N
Boc
O N O
Boc
O
EtO
EtO
O
85b
MeO2CMeO2C
 
General Procedure for Table 7 
Following General Procedure-4-6, 40b, SKA-1, and a Lewis acid in anhydrous dichloromethane were 
reacted in the condition listed in table. After the reaction was stopped, the reaction intermediate was 
dissolved in THF and 0.5 M aqueous HCl was added at 0˚C. After being stirring for 30 min at the same 
temperature, the mixture was neutralized with saturated aqueous NaHCO3 and extracted with diethyl ether. 
The organic layer was dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel 
column chromatography (ethyl acetate : hexane = 1:4) to afford 85b and 41b as a pale yellow oil, 
respectively.  
85b: IR ν (film) cm−1: 2984, 1790, 1732, 1714, 1317, 1288, 1254, 1148; 1H-NMR (400MHz, CDCl3) 
δ (ppm): 1.25 (3H, t, J = 7.1 Hz), 1.57 (9H, s), 2.37 (1H, dd, J = 16.3, 9.6 Hz), 2.55 (1H, dd, J = 16.3, 4.2 
Hz), 2.74 (1H, dd, J = 15.7, 2.6 Hz), 2.80 (1H, dd, J = 15.7, 6.8 Hz), 3.37 (1H, m), 3.78 (3H, s), 4.15 (2H, q, 
J = 7.1 Hz), 7.98 (1H, s); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 27.9, 28.5, 37.0, 38.0, 52.0, 60.8, 
85.4, 112.7, 135.85, 135.88, 149.1, 165.8, 167.0, 170.7; MS m/z: 296 ([M − OEt]+, 3.3 %), 196, 181, 167, 
154 (100%), 57; HRMS (M − OEt)+ Calcd C14H18NO6: 296.1134. Found: 296.1119. 
41b: IR ν (film) cm−1: 2982, 1778, 1732, 1294, 1261, 1153; 1H-NMR (600MHz, CDCl3) δ (ppm): 1.23 (3H, 
t, J = 7.1 Hz), 1.55 (9H, s), 2.81 (1H, dd, J = 16.1, 4.2 Hz), 2.94 (1H, dd, J = 16.1, 5.7 Hz), 3.25 (1H, ddd, J 
= 22.7, 5.6, 0.9 Hz), 3.39 (1H, dt, J = 22.7, 2.6 Hz), 3.80 (3H, s), 4.07 (2H, q, J = 7.1 Hz), 5.35 (1H, m), 
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7.04 (1H, dd, J = 5.6, 2.6 Hz); 13C-NMR (150MHz, CDCl3) δ (ppm): 14.0, 27.9, 35.6, 37.8, 52.1, 52.9, 60.7, 
83.8, 128.9, 135.8, 151.8, 164.2, 167.8, 170.2; FABMS m/z: 364 (M + Na)+, 342 (M + H)+, 242, 154, 
57(100%); HRMS [FAB] (M + H)+ Calcd C16H24NO7: 342.1553. Found: 342.1564. 
(Table 8; entry 1) 
Following General Procedure-4, 40b (29.0 mg, 0.115 mmol), SKA-1 (90 µL, 0.36 mmol) and TBSOTf 
(2.5 µL, 0.011 mmol) in dichloromethane (1.0 mL) were reacted at −78 to −60˚C for 5 h. After acid 
work-up and purification, 85b (10.8 mg, 28%) and 41b (27.4 mg, 70%) were obtained. 
 
(Table 8; entry 2) 
Following General Procedure-5, 40b (24.2 mg, 0.0956 mmol), SKA-1 (70 µL, 0.28 mmol), and Me3Al 
(1.02 M hexane solution, 15 µL, 0.0153 mmol) in dichloromethane (1.2 mL) were reacted at −78˚C for 2.5 
h. After purification, 85b (6.9 mg, 21%) and 41b (23.7 mg, 73%) were obtained. 
 
(Table 8; entry 3) 
Following General Procedure-5, 40b (100 mg, 0.395 mmol), SKA-1 (0.30 mL, 1.2 mmol), and Me3Al 
(1.02 M hexane solution, 20 µL, 0.020 mmol) in dichloromethane (5.0 mL) were reacted at −78˚C for 3 h. 
After acid work-up and purification, 85b (25.7 mg, 19%) and 41b (96.2 mg, 71%) were obtained. 
 
(Table 8; entry 4) 
Following General Procedure-6, 40b (30.0 mg, 0.118 mmol), SKA-1 (90 µL, 0.36 mmol), and Al(OEt)3 
(3.0 mg, 0.019 mmol) in 1,2-dichloroethane (1.5 mL) were reacted at 0˚C to room temperature. After acid 
work-up and purification, 85b (9.5 mg, 24%) and 41b (23.2 mg, 58%) was obtained. 
 
(Table 8; entry 5) 
Following General Procedure-6, 40b (30.0 mg, 0.118 mmol), and Zn(OTf)2 (6.5 mg, 0.018 mmol) in 
dichloromethane (1.0 mL) were reacted at −40˚C for 2 h. After purification, 85b (11.4 mg, 28%) and 41b 
(24.8 mg, 62%) were obtained. 
 
(Table 8; entry 6) 
Following General Procedure-6, 40b (30.0 mg, 0.118 mmol), SKA-1 (90 µL, 0.36 mmol) and Sn(OTf)2 
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(7.5 mg, 0.018 mmol) in dichloromethane (1.3 mL) were reacted at −78˚C to −40˚C for 9 h. After 
purification, 85b (8.1 mg, 20%) and 41b (27.8 mg, 69%) were obtained. 
 
(Table 8; entry 7) 
Following General Procedure-6, 40b (30.0 mg, 0.118 mmol), SKA-1 (90 µL, 0.36 mmol) and FeCl3 (3.0 
mg, 0.019 mmol) in dichloromethane (1.5 mL) were reacted at −78˚C for 1.5 h. After purification, 85b (7.3 
mg, 18%) and 41b (23.3 mg, 58%) were obtained. 
 
Methyl N-tosyl-4-(ethoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-5-carboxylate (85a) and 
Methyl N-tosyl-6-(ethoxycarbonyl)methyl-2-oxo-1,2,3,6-tetrahydropyridine-5-carboxylate (41a) 
(Table 9) 
N O
Ts
N O
Ts
MeO2C
EtO
OMeO2C
41a85a
EtO
O
N O
Ts
MeO2C
EtO
O
41a'
 
(Table 9; entry 1) 
Following General Procedure-5, SKA-1 (70 µL, 0.28 mmol) and Me3Al (1.02 M hexane solution, 15 µL, 
0.015 mmol) was added successively to a solution of 40a (30.7 mg, 0.0999 mmol) in anhydrous 
dichloromethane (1.2 mL) at −78˚C. After being stirred at −78˚C for 1 h and −40˚C for 2 h, the mixture was 
diluted with diethyl ether and 25% aqueous NH3 was added. Inorganic precipitate was filtered through a 
pad of CeliteR and the filtrate was evaporated. The residue was dissolved in THF (1.5 mL) and 0.5 M 
aqueous HCl (1.0 mL) was added at 0˚C. After being stirred for 30 min at the same temperature, the 
mixture was neutralized with saturated aqueous NaHCO3 solution and extracted with diethyl ether. The 
organic layer was dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel 
column chromatography (ethyl acetate : hexane = 1:4) to afford 85a (7.4 mg, 19%) and 41a (7.4 mg, 19%) 
(mixture of 41a and 41a’; 41a : 41a’ = 6:1) as a yellow oil, respectively. 
85a: IR ν (film) cm−1: 2955, 1732, 1715, 1298, 1211, 1175; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.18 (3H, 
t, J = 7.1 Hz), 2.27 (1H, dd, J = 16.4, 8.8 Hz), 2.42 (4H, m), 2.64 (1H, dd, J = 16.4, 2.0 Hz), 2.74 (1H, dd, J 
= 16.4, 7.6 Hz), 3.31 (1H, m), 3.81 (3H, s), 3.98 (2H, m), 7.34 (2H, d, J = 8.6 Hz), 7.91 (2H, d, J = 8.6 Hz), 
8.15 (1H, s); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.1, 21.8, 28.2, 37.0, 37.2, 52.1, 60.7, 113.1, 128.9, 
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129.5, 134.0, 134.3, 145.8, 165.4, 166.6, 170.5; MS m/z: 395 (M+, 0.8%), 208, 194, 155, 91 (100%); 
HRMS Calcd C18H21NO7S: 395.1039. Found: 395.1020. 
41a: IR ν (film) cm−1:1732, 1705, 1356, 1267, 1171, 1086; 1H-NMR (400MHz, CDCl3) δ (ppm) (6:1 
mixture of 41a and 41a’): 1.16 (2.55H, t, J = 7.1 Hz), 1.28 (0.45H, t, J = 7.2 Hz), 2.42 (3H, s), 2.88 (0.3H, 
m), 2.97 (0.85H, dd, J = 17.0, 2.8 Hz), 3.07 (0.85H, dd, J = 22.8, 5.2 Hz), 3.20 (0.85H, dd, J = 17.0, 5.2 
Hz), 3.45 (0.85H, dt, J = 22.8, 2.5 Hz), 3.71 (0.45H, s), 3.76 (0.15H, d, J = 6.8 Hz), 3.80 (2.55H, s), 4.01 
(1.7H, q, J = 7.1 Hz), 4.17 (0.3H, m), 5.65 (1H, m), 5.94 (0.15H, d, J = 9.8 Hz), 6.67 (0.15H, m), 7.02 
(0.85H, dd, J = 5.2, 2.5 Hz), 7.29 (2H, d, J = 8.4 Hz), 7.92 (1.7H, d, J = 8.4 Hz), 7.99 (0.3H, d, J = 8.0 Hz); 
FABMS m/z: 396 (M + H)+, 154 (100%), 136; HRMS [FAB] (M + H)+ Calcd C18H22NO7S: 396.1117. 
Found: 396.1110. 
 
(Table 9; entry 2) 
Under argon atmosphere, SKA-1 (80 µL, 0.32 mmol) and TBSOTf (2.5 µL, 0.011 mmol) was added 
successively to a solution of 40b in anhydrous 1,2-dichloroethane (1.0 mL) at −20˚C. After being stirred for 
19 h, the mixture was diluted with diethyl ether and phosphate buffer solution (pH 6.86) was added at 0˚C. 
The mixture was extracted with diethyl ether and the combined organic solution was dried over anhydrous 
MgSO4 and evaporated. Acid work-up was performed as the same way as entry 1. After purification, 85a 
(19.3 mg, 50%) and 41a (mixture of 41a and 41a’; 41a : 41a’ = 6:1) (16.6 mg, 43%) were obtained. 
 
Methyl N-tert-butoxycarbonyl-6-tert-butyldimethylsilyloxy-2-(ethoxycarbonyl)methyl-1,2-dihydro- 
pyridine-3-carboxylate (41b-SKA) and Methyl N-tert-butoxycarbonyl-2-tert-butyldimethylsilyloxy 
-4-(ethoxycarbonyl)methyl-1,4-dihydropyridine-3-carboxylate (85b-SKA) (Scheme 30) 
41b-SKA
N
Boc
OTBSN OTBS
Boc
EtO
O
85b-SKA
MeO2C MeO2C
O
EtO
 
Under argon atmosphere, SKA-1 (0.25 mL, 0.988 mmol) and Me3Al (1.06 M hexane solution, 70 µL, 
0.074 mmol) were added successively to a solution 40b (120 mg, 0.474 mmol) in anhydrous 
dichloromethane (5.0 mL) at −78˚C. After being stirred for 1.5 h, the mixture was diluted with diethyl ether 
and 25% aqueous NH3 was added. Inorganic precipitate was filtered through a pad of CeliteR and the filtrate 
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was evaporated. The residue was subjected to a silica gel column chromatography (ethyl acetate : hexane = 
1:9) to affod 41b-SKA (88.0 mg, 41%) and 85b-SKA (6.0 mg, 3%) as a yellow oil, respectively.  
41b-SKA: IR ν (film) cm−1: 2930, 1732, 1715, 1553, 1253, 1153; 1H-NMR (600MHz, CDCl3) δ (ppm): 
0.23 (3H, s), 0.24 (3H, s), 0.94 (9H, s), 1.22 (3H, t, J = 7.1 Hz), 1.45 (9H, s), 2.36 (1H, dd, J = 13.4, 5.1 
Hz), 2.50 (1H, dd, J = 13.4, 9.5 Hz), 3.71 (3H, s), 4.08 (2H, q, J = 7.1 Hz), 4.95 (1H, d, J = 6.3 Hz), 5.65 
(1H, dd, J = 9.3, 5.1 Hz), 7.04 (1H, d, J = 6.3 Hz); 13C-NMR (150MHz, CDCl3) δ (ppm): −4.9, −4.6, 14.2, 
18.1, 25.5, 28.1, 36.2, 51.2, 51.5, 60.5, 82.0, 91.8, 117.4, 134.8, 150.3, 151.7, 165.3, 170.0; FABMS m/z: 
455 (M+), 356, 269, 268, 210, 73, 57 (100%); HRMS [FAB] Calcd C22H37NO7Si: 455.2339. Found: 
455.2328. 
85b-SKA: IR ν (film) cm−1: 2932, 1732, 1713, 1246, 1153; 1H-NMR (400MHz, CDCl3) δ (ppm): 0.17 (3H, 
s), 0.19 (3H, s), 0.93 (9H, s), 1.25 (3H, t, J = 7.2 Hz), 1.52 (9H, s), 2.31 (1H, dd, J = 15.3, 9.6 Hz), 2.59 
(1H, dd, J = 15.3, 3.9 Hz), 3.66 (1H, ddd, J = 9.6, 6.4, 3.9 Hz), 3.74 (3H, s), 4.08 (2H, q, J = 7.2 Hz), 4.48 
(1H, d, J = 6.4 Hz), 7.83 (1H, s); 13C-NMR (100MHz, CDCl3) δ (ppm): −4.9, −4.7, 14.3, 18.3, 25.7, 28.1, 
30.5, 41.6, 51.6, 60.3, 83.2, 91.5, 111.0, 137.3, 143.2, 148.4, 166.7, 171.5; FABMS m/z: 456 (M + H)+, 268, 
210, 73, 57(100%); HRMS [FAB] (M + H)+ Calcd C22H38NO7Si: 456.2418. Found: 456.2421. 
 
Methyl N-tert-butoxycarbonyl-4-(1’-ethoxycarbonyl)propyl-2-oxo-1,2,3,4-tetrahydropyridine 
-5-carboxylate (87) (Scheme 31) 
N O
Boc
MeO2C
OEt
O
 
Following General Procedure-5, (E)-SKA-2 (E:Z = 85:15, 100 µL, 0.348 mmol) and Me3Al (1.02 M 
hexane solution, 17 µL, 0.017 mmol) were added successively to a solution of 40b (30.0 mg, 0.118 mmol) 
in anhydrous dichloromethane (1.5 mL) at −78˚C. After being stirred for 1 h, the mixture was diluted with 
diethyl ether and 25% aqueous NH3 solution was added. Inorganic precipitate was filtered through a pad of 
Celite® and the filtrate was evaporated. The residue was dissolved in THF (1.5 mL) and 0.5 M aqueous HCl 
(1.0 mL) was added at 0˚C. After being stirred for 30 min at the same temperature, the mixture was 
neutralized with saturated aqueuos NaHCO3 and extracted with diethyl ether. The organic layer was dried 
over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column chromatography 
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(ethyl acetate : hexane = 1:4) to afford diastereomer mixture of 87 (38.0 mg, 87%, d.r. > 10:1) as a pale 
yellow oil. 
As the same way, 40b (30.0 mg, 0.118 mmol), (Z)-SKA-2 (Z/E = 85/15, 100 µL, 0.348 mmol) and Me3Al 
(1.02M hexane solution, 17 µL, 0.017 mmol) in anhydrous dichloromethane (1.5 mL) were reacted at 
−78˚C for 1 h to afford diastereomer mixture of 87 (39.0 mg, 89%, d.r. = 2.3:1). 
IR ν (film) cm−1: 2978, 1792, 1732, 1651, 1313, 1236, 1150; 1H-NMR (400MHz, CDCl3) δ (ppm) (2.3:1 
mixture of diastereomers): 0.88 (0.9H, t, J = 7.4 Hz), 0.90 (2.1H, t, J = 7.6 Hz), 1.23 (2.1H, t, J = 7.2 Hz), 
1.26 (0.9H, t, J = 7.2 Hz), 1.56 (6.3H, s), 1.57 (2.7H, s), 1.35-1.85 (2H, m), 2.44-2.59 (1H, m), 2.64-2.77 
(1.7H, m), 2.86 (0.3H, dd, J = 16.3, 1.5 Hz), 3.19 (0.7H, td, J = 6.9, 2.8 Hz), 3.28 (0.3H, ddd, J = 7.9, 5.3, 
1.5 Hz), 3.78 (0.9H, s), 3.79 (2.1H, s), 4.01-4.18 (2H, m), 8.00 (0.7H, s), 8.05 (0.3H, s); MS m/z: 324 ([M − 
OEt]+, 2.3 %), 195, 154 (100%), 57; HRMS (M − OEt)+ Calcd C16H22NO6: 324.1447. Found: 324.1428. 
 
General Procedure for Table 10 
Following General Procedure-5, 40b, SKA-1, and Me3Al in anhydrous dichloromethane were reacted 
added at −78˚C. After being stirred at −78˚C for time listed in table, the reaction was quenched and the 
reaction intermediate was dissolved in THF and 0.5 M aqueous HCl was added at 0˚C. After being stirred 
for 30 min at the same temperature, the mixture was neutralized with saturated aqueuos NaHCO3 and 
extracted with diethyl ether. The organic layer was dried over anhydrous MgSO4 and evaporated. The 
residue was purified by silica gel column chromatography (ethyl acetate : hexane = 1:4) to afford 85b and 
41b. 
(Table 10; entry 1) 
Following the general procedure, 40b (30.0 mg, 0.118 mmol), SKA-1 (30 µL, 0.12 mmol) and Me3Al (1.02 
M hexane solution, 17 µL, 0.017 mmol) in dichlorometahne (1.5 mL) were reacted at −78˚C for 6 h. After 
acid work-up and purification, 85b (1.8 mg, 4%) and 41b (16.2 mg, 40%) were obtained. 
 
(Table 10; entry 2) 
Following the general procedure, 40b (50.0 mg, 0.197 mmol), SKA-1 (75 µL, 0.30 mmol) and Me3Al (1.05 
M hexane solution, 30 µL, 0.032 mmol) in dichloromethane (2.5 mL) were reacted at −78˚C for 6 h. After 
acid work-up and purification, 85b (5.0 mg, 7%) and 41b (42.5 mg, 63%) were obtained. 
 
 96
(Table 10; entry 3) 
Following the general procedure, 40b (30.0 mg, 0.118 mmol), SKA-1 (60 µL, 0.24 mmol) and Me3Al (1.02 
M hexane solution, 17 µL, 0.017 mmol) in dichloromethane (1.5 mL) were reacted at −78˚C for 2.5 h. After 
acid work-up and purification, 85b (9.0 mg, 22%) and 41b (29.0 mg, 72%) were obtained. 
 
Procedure for Scheme 32 
Under argon atmosphere, Me3Al (1.06 M hexane solution, 0.19 mL, 0.20 mmol) was added to a solution of 
SKA-1 (50 µL, 0.20 mmol) in anhydrous dichloromethane (1.5 mL) at −78˚C and stirred for 20 min. After 
a solution of 40b (50.0 mg, 0.197 mmol) in dichloromethane (1.0 mL) was added, the mixture was stirred 
for 40 min at −78˚C. TLC analysis showed that the conjagate addition reaction had not occurred until that 
time. Then, (E)-SKA-2 (70 µL , 0.24 mmol) was added. After being stirred for 3 h at −78˚C, the mixture 
was diluted with diethyl ether and 25% aqueous NH3 was added. Inorganic precipitate was filtered through 
a pad of CeliteR and the filtrate was evaporated. The residue was dissolved in THF (2.0 mL) and 0.5 M 
aqueous HCl (1.0 mL) was added at 0˚C. After being stirring for 30 min at the same temperature, the 
mixture was neutralized with saturated aqueous NaHCO3 and extracted with diethyl ether. The organic 
solution was dried over anhydrous MgSO4 and evaporated. The residue obtained was purified by silica gel 
column chromatography (ethyl acetate : hexane = 1:4) to afford 87 (52.2 mg, 72%, d.r. >10:1). 
 
React IR Experiment 
A solution of Me3Al (1.05 M hexane solution, 2.25 mL, 2.36 mmol) in anhydrous dichloromethane (5.2 
mL) was stirred at −78˚C and background was measured. After 1.0 equivalent amount of SKA-1 (0.60 mL, 
2.4 mmol) was added, Spectrum B was observed immidiately. Then, 0.5 equivalent amount of SKA-1 was 
added and the peaks of SKA-1 were found in spectrum in the presence of the peaks in Spectrum B. Finally, 
another 0.5 equivalent amount of SKA-1 was added and Spectrum A was observed. 
 
1H and 13C-NMR Experiment 
To a solution of silyl ketene acetal SKA-1 (30 µL, 0.12 mmol) in CD2Cl2 (0.3 mL) was added a solution of 
Me3Al (distilled, 11.5 µL, 0.120 mmol) in CD2Cl2 (0.35 mL) at −78˚C and the mixture was stirred for 3 
minutes in a round-bottomed flask. The mixture was decanted to NMR tube via canulla. NMR 
measurement was carried out at −80˚C. 
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Methyl 2-tert-butoxycarbonyl-8-tert-butyldimethylsilyloxy-8-ethoxy-3-oxo-2-azabicyclo[2.2.2] 
oct-5-ene-6-carboxylate (42) (Scheme 33) 
N
TBSO OEt
MeO2C
O
Boc  
Under argon atmosphere, Me3Al (1.05 M hexane solution, 2.25 mL, 2.36 mmol) was added to a solution of 
SKA-1 (0.60 mL, 2.4 mmol) in dichloromethane (11.0 mL) at −78˚C. After a solution of 40b (300 mg, 1.18 
mmol) in dichloromethane (4.0 mL) was added at the same temperature, and the mixture was stirred for 10 
min. Then, another SKA-1 (0.30 mL, 1.2 mmol) was added. After being stirred for 3 h at −78˚C, the 
mixture was diluted with diethyl ether and 25% aqueous NH3 was added. Precipitate was filtered through a 
pad of CeliteR and the filtrate was evaporated. The residue was purified by silica gel column 
chromatography (ethyl acetate : hexane = 1 : 6) to afford maj-42 (274 mg, 51%) as a white solid and 
min-42 (126 mg, 23%) as a yellow oil. 
maj-42 (major isomer): Mp 130-132˚C (colorless prisms from diethyl ether-hexane); IR ν (film) cm−1: 
2932, 1784, 1747, 1726, 1300, 1254, 1159, 1078; 1H-NMR (600MHz, CDCl3) δ (ppm): 0.14 (3H, s), 0.15 
(3H, s), 0.86 (9H, s), 1.14 (3H, t, J = 7.1 Hz), 1.52 (9H, s), 1.93 (1H, dd, J = 13.4, 1.8 Hz), 2.30 (1H, dd, J 
= 13.4, 3.3 Hz), 3.38 (1H, dq, J = 9.3, 7.1 Hz), 3.68 (1H, dq, J = 9.3, 7.1 Hz), 3.80 (3H, s), 3.91 (1H, d, J = 
6.6 Hz), 5.72 (1H, m), 7.14 (1H, dd, J = 6.6, 2.4 Hz); 13C-NMR (150MHz, CDCl3) δ (ppm): −3.4, −3.3, 
15.0, 18.2, 25.7, 28.0, 42.8, 51.1, 52.1, 57.8, 58.2, 83.4, 101.6, 137.1, 138.5, 150.0, 163.1, 167.1; FABMS 
m/z: 455 (M+), 203 (100%); Anal. Calcd C22H37NO7Si: C, 58.00; H, 8.19; N, 3.07. Found: C, 57.93; H, 
8.20; N, 3.06. 
min-42 (minor isomer) 
Yellow oil; IR ν (film) cm−1: 2955, 1784, 1732, 1325, 1298, 1253, 1159, 1132, 1080; 1H-NMR (400MHz, 
CDCl3) δ (ppm): 0.03 (3H, s), 0.07 (3H, s), 0.76 (9H, s), 1.10 (3H, t, J = 7.0 Hz), 1.48 (9H, s), 1.86 (1H, dd, 
J = 13.3, 1.8 Hz), 2.29 (1H, dd, J = 13.3, 3.2 Hz), 3.63 (1H, m), 3.71 (1H, m), 3.75 (3H, s), 3.96 (1H, d, J = 
6.7 Hz), 5.68 (1H, m), 7.12 (1H, dd, J = 6.7, 1.8 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): −3.4, −3.3, 
15.0, 18.0, 25.5, 27.9, 43.0, 51.7, 52.1, 57.1, 58.1, 83.4, 102.2, 136.9, 139.8, 149.7, 163.1, 167.5; FABMS 
m/z: 456 (M + H)+, 268, 203 (100%), 73, 57; HRMS [FAB] (M + H)+ Calcd C22H38NO7Si: 456.2418. 
Found: 456.2417. 
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Methyl 3,8-dioxo-2-azabicyclo[2.2.2]octane-6-carboxylate (88) 
NMeO2C
O
BocH
O
 
To a solution of 42 (80.0 mg, 0.176 mmol) in ethyl acetate (4.0 mL), 5% Pd/C (20.0 mg, 9.40 µmol) was 
added and the mixture was stirred under H2 atmosphere at room temperature. After being stirred for 3.5 h, 
Pd/C was filtered through a pad of CeliteR and the filtrate was evaporated to afford the crude product, which 
was used to the next reaction without further purification. 
To a solution of the crude product in acetonitrile (2.0 mL), 46% aqueous HF (40 µL) was added at 0˚C. 
After being stirred for 1 h, the mixture was neutralized with saturated aqueous NaHCO3 and extracted with 
diethyl ether. The organic solution was dried over anhydrous MgSO4 and evaporated. The residue was 
purified by silica gel column chromatography (ethyl acetate : hexane = 1 : 2) to afford 88 (15.7 mg, 2 steps 
62%). 
Mp 88-90˚C (colorless prisms from diethyl ether-hexane); IR ν (film) cm−1: 2982, 1784, 1732, 1369, 1292, 
1153; 1H-NMR (600MHz, CDCl3) δ (ppm): 1.56 (9H, s), 2.44-2.55 (3H, m), 2.59 (1H, dd, J = 19.5, 2.1 Hz), 
3.20 (1H, m), 3.39 (1H, t, J = 3.0 Hz), 3.77 (3H, s), 5.28 (1H, td, J = 3.0, 2.4 Hz); 13C-NMR (150MHz, 
CDCl3) δ (ppm): 24.0, 28.0, 39.3, 41.9, 51.8, 52.7, 59.2, 84.8, 149.8, 165.7, 171.3, 202.5; MS m/z: 297 (M+, 
1.0%), 242, 241 (100%), 197; Anal. Calcd C14H19NO6: C, 56.56; H, 6.44; N, 4.71. Found: C, 56.54; H, 
6.44; N, 4.74. 
 
Methyl N-tert-butoxycarbonyl-6-(2’-tert-butyldimethylsilyloxy-2’-ethoxy-3’-ethoxycarbonyl) 
propyl-2-oxo-1,2,3,6-tetrahydropyridine-5-carboxylate (89) (Scheme 35) 
N O
Boc
MeO2C
OEt
TBSO
EtO2C
 
Under argon atmosphere, Me3Al (1.05 M hexane solution, 0.11 mL, 0.12 mmol) was added to a solution of 
SKA-1 (30 µL, 0.12 mmol) in anhydrous dichloromethane (1.0 mL) at −78˚C and stirred for 5 min. After a 
solution of 40b (30.0 mg, 0.118 mmol) in dichloromethane (0.5 mL) was added at the same temperature, 
and the mixture was stirred for 10 min. Then, another SKA-1 (30 µL, 0.12 mmol) was added. After being 
 99
stirred for 2.5 h at −78˚C, the mixture was diluted with diethyl ether and 25% aqueous NH3 was added. 
Inorganic precipitate was filtered through a pad of CeliteR and the filtrate was evaporated. The residue was 
dissolved in THF (1.5 mL) and 0.5 M aqueous HCl (1.0 mL) was added at 0˚C. After being stirring for 1.5 
h at the same temperature, the mixture was neutralized with saturated aqueous NaHCO3 solution and 
extracted with diethyl ether. The organic solution was dried over anhydrous MgSO4 and evaporated. The 
residue was purified by silica gel column chromatography (ethyl acetate : hexane = 1:4) to afford 85b (2.4 
mg, 6%), 41b (15.8 mg, 39%), and 89 (8.2 mg, 13%). 
Yellow oil; IR ν (film) cm−1: 2932, 1775, 1726, 1256, 1153, 1051; 1H-NMR (600MHz, CDCl3) δ (ppm): 
0.08 (3H, s), 0.09 (3H, s), 0.84 (9H, s), 1.06 (3H, t, J = 7.2 Hz), 1.25 (3H, t, J = 7.2 Hz), 1.54 (9H, s), 2.10 
(1H, dd, J = 12.9, 9.6 Hz), 2.67 (1H, dd, J = 12.9, 4.2 Hz), 2.84 (1H, d, J = 14.7 Hz), 2.87 (1H, d, J = 14.7 
Hz), 3.21-3.30 (2H, m), 3.35 (1H, dq, J = 5.8, 4.6 Hz), 3.55 (1H, dq, J = 5.8, 4.6 Hz), 3.78 (3H, s), 
4.07-4.13 (2H, m), 5.48 (1H, dd, J = 9.3, 4.5 Hz), 6.90 (1H, t, J = 4.2 Hz); 13C-NMR (150MHz, CDCl3) 
δ (ppm): −3.0, −2.5, 14.1, 14.8, 18.2, 25.6, 27.9, 35.9, 41.3, 43.7, 51.9, 52.0, 56.2, 60.3, 83.6, 98.6, 132.8, 
134.2, 151.3, 164.7, 168.5, 169.5; FABMS m/z: 566 (M + Na)+, 352, 266, 73 (100%), 57; HRMS [FAB] (M 
− H)+ Calcd C26H44NO9Si: 542.2785. Found: 542.2758. 
 
Methyl N-tert-butoxycarbonyl-4-(tert-butoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine 
-5-carboxylate (90) and Methyl N-tert-butoxycarbonyl-6-(tert-butoxycarbonyl)methyl-2-oxo 
1,2,3,6-tetrahydropyridine-5-carboxylate (91) (Scheme 36) 
N O
Boc
MeO2C
BuO
O
N O
Boc
MeO2C
9190
t
BuO
O
t
 
Following General Procedure-5, SKA-3 (120 µL, 0.440 mmol) and Me3Al (1.06 M hexane solution, 30 
µL, 0.032 mmol) were added to a solution of 40b (50.0 mg, 0.197 mmol) in anhydrous dichloromethane 
(2.5 mL) at −78˚C. After being stirred at −78˚C for 5.5 h and at −40˚C for 2 h, the mixture was diluted with 
diethyl ether and 25% aqueous NH3 was added. Inorganic precipitate was filtered through a pad of Celite® 
and the filtrate was evaporated. The residue was dissolved in THF (1.5 mL) and 0.5 M aqueous HCl (1.0 
mL) was added at 0˚C. After being stirred for 30 min at the same temperature, the mixture was neutralized 
with saturated aqueous NaHCO3 and extracted with diethyl ether. The organic layer was dried over 
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anhydrous MgSO4 and evaporated. The residue was purified by silica gel column chromatography (ethyl 
acetate : hexane = 1:4) to afford 90 (4.0 mg, 5%) as a pale yellow oil and 91 (49.0 mg, 67%) as a colorless 
oil. 
90: IR ν (film) cm−1: 2980, 1792, 1732, 1290, 1254, 1148; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.44 (9H, 
s), 1.57 (9H, s), 2.25 (1H, dd, J = 16.1, 10.2 Hz), 2.48 (1H, dd, J = 16.1, 4.0 Hz), 2.68-2.80 (2H, m), 3.33 
(1H, m), 3.78 (3H, s), 7.96 (1H, s); 13C-NMR (100MHz, CDCl3) δ (ppm): 27.9, 28.1, 28.6, 37.9, 38.0, 52.0, 
81.2, 85.3, 113.1, 135.7, 149.1, 165.8, 167.1, 170.0; FABMS m/z: 370 (M + H)+, 258, 214, 154, 57 (100%); 
HRMS [FAB] (M + Η)+ Calcd C18H28NO7: 370.1866. Found: 370.1822. 
91: IR ν (film) cm−1: 2980, 1778, 1732, 1715, 1369, 1263, 1153; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.40 
(9H, s), 1.55 (9H, s), 2.70 (1H, dd, J = 15.4, 4.0 Hz), 2.83 (1H, dd, J = 15.4, 5.6 Hz), 3.22 (1H, dd, J = 22.8, 
5.3 Hz), 3.39 (1H, dt, J = 22.8, 2.6 Hz), 3.80 (3H, s), 5.33 (1H, m), 7.02 (1H, dd, J = 5.3, 2.6 Hz); 
13C-NMR (100MHz, CDCl3) δ (ppm): 27.8, 27.9, 35.6, 38.9, 52.1, 53.0, 81.1, 83.6, 129.1, 135.4, 151.7, 
164.2, 167.6, 169.5; FABMS m/z: 370 (M + H)+, 270, 214 (100%), 154, 57; HRMS [FAB] (M + H)+ Calcd 
C18H28NO7: 370.1866. Found: 370.1871. 
 
Methyl N-tert-butoxycarbonyl-4-(ethylsulfanylcarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine 
-5-carboxylate (92) and Methyl N-tert-butoxycarbonyl-6-(ethylsulfanylcarbonyl)methyl-2-oxo 
1,2,3,6-tetrahydropyridine-5-carboxylate (93) (Scheme 36) 
N O
Boc
MeO2C
EtS
O
N O
Boc
MeO2C
9392
EtS
O
 
Following General Procedure-6, a solution of 40b (30.0 mg, 0.118 mmol) in anhydrous dichloromethane 
(1.0 mL) and SKA-4 (90 µL, 0.36 mmol) were successively added to a suspension of FeCl3 (3.0 mg, 0.018 
mmol) in dichloromethane (1.5 mL) at −40˚C. After being stirred at the same temperature for 7.5 h, the 
mixture was diluted with diethyl ether and 25% aqueous NH3 was added. Inorganic precipitate was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was dissolved in THF (1.5 mL) and 
0.5 M aqueous HCl (1.0 mL) was added at 0˚C. After being stirred for 30 min at the same temperature, the 
mixture was neutralized with saturated aqueous NaHCO3 and extracted with diethyl ether. The organic 
layer was dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column 
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chromatography (ethyl acetate : hexane = 1:4) to afford 92 (1.8 mg, 4%) as a colorless oil and 93 (24.3 mg, 
58%) as a yellow oil. 
92: IR ν (film) cm−1: 2982, 2932, 1790, 1747, 1715, 1682, 1290, 1315, 1250, 1148; 1H-NMR (400MHz, 
CDCl3) δ (ppm): 1.25 (3H, t, J = 7.6 Hz), 1.57 (9H, s), 2.61 (1H, dd, J = 15.8, 9.8 Hz), 2.69-2.80 (3H, m), 
2.89 (2H, dq, J = 7.6, 1.2 Hz), 3.44 (1H, m), 3.78 (3H, s), 7.98 (1H, s); 13C-NMR (100MHz, CDCl3) 
δ (ppm): 14.6, 23.6, 27.9, 29.0, 37.7, 45.8, 51.9, 85.4, 112.7, 136.0, 149.2, 165.8, 166.9, 196.7; FABMS 
m/z: 358 (M + H)+, 258, 196(100%), 154, 57; HRMS (M + Η)+ Calcd C16H24NO6S: 358.1324. Found: 
358.1308. 
93: IR ν (film) cm−1: 2930, 1778, 1726, 1682, 1294, 1261, 1153; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.21 
(3H, t, J = 7.4 Hz), 1.55 (9H, s), 2.82 (2H, q, J = 7.4 Hz), 3.04 (1H, dd, J = 15.2, 4.2 Hz), 3.15 (1H, dd, J = 
15.2, 5.4 Hz), 3.25 (1H, dd, J = 22.6, 5.1 Hz), 3.34 (1H, dt, J = 22.6, 2.4 Hz), 3.80 (3H, s), 5.33 (1H, m), 
7.02 (1H, dd, J = 5.1, 2.4 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.5, 23.7, 28.0, 35.6, 46.4, 52.3, 53.4, 
84.0, 128.8, 135.6, 151.6, 164.1, 167.5, 196.2; FABMS m/z: 358 (M + H)+, 258, 154 (100%), 57; HRMS 
[FAB] (M + H)+ Calcd C16H24NO6S: 358.1324. Found: 358.1319. 
 
Methyl N-tert-butoxycarbonyl-4-(tert-butoxycarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-3- 
carboxylate (94) (Scheme 37) 
N O
Boc
O
OtBu
CO2Me
 
Following General Procedure-5, SKA-3 (60 µL, 0.221 mmol) and Me3Al (1.07 M hexane solution, 30 µL, 
0.032 mmol) were added to a solution of 20c (50.0 mg, 0.197 mmol) in anhydrous dichloromethane (3.0 
mL) at −78˚C. After being stirred at −78˚C for 1 h, the mixture was diluted with diethyl ether and 25% 
aqueous NH3 was added. Inorganic precipitate was filtered through a pad of Celite® and the filtrate was 
evaporated. The residue was dissolved in acetonitrile (3.0 mL) and 46% aqueous solution of HF (150 µL) 
added at 0˚C. After being stirred for 1 h at the same temperature, the mixture was neutralized with saturated 
aqueous NaHCO3 and extracted with diethyl ether. The organic layer was dried over anhydrous MgSO4 and 
evaporated. The residue was purified by silica gel column chromatography (ethyl acetate : hexane = 1:4) to 
afford 94 (37.2 mg, 51%) as a colorless oil. 
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IR ν (film) cm−1: 2980, 1788, 1732, 1369, 1296, 1254, 1153; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.45 
(9H, s), 1.55 (9H, s), 2.29 (1H, dd, J = 15.9, 8.2 Hz), 2.37 (1H, dd, J = 15.9, 6.4 Hz), 3.34 (1H, m), 3.55 
(1H, d, J = 7.2 Hz), 3.78 (3H, s), 5.28 (1H, dd, J = 8.8, 4.4 Hz), 6.80 (1H, dd, J = 8.0, 1.2 Hz); 13C-NMR 
(100MHz, CDCl3) δ (ppm): 27.9, 28.0, 32.1, 38.3, 52.7, 55.0, 81.4, 84.5, 109.7, 125.6, 149.5, 164.5, 168.6, 
169.8; FABMS m/z: 370 (M + H)+, 258, 154 (100%), 57; HRMS [FAB] (M + H)+ Calcd C18H28NO7: 
370.1866. Found: 370.1885. 
 
Methyl N-tert-butoxycarbonyl-4-(ethylsulfanylcarbonyl)methyl-2-oxo-1,2,3,4-tetrahydropyridine-3- 
carboxylate (95) (Scheme 37) 
N O
Boc
O
SEt
CO2Me
 
Following General Procedure-6, a solution of 37b (700 mg, 0.197 mmol) in anhydrous dichloromethane 
(1.0 mL) and SKA-4 (1.37 mL, 5.52 mmol) were successively added to a suspension of FeCl3 (65 mg, 0.40 
mmol) in anhydrous dichloromethane (1.5 mL) at −40˚C. After being stirred at the same temperature for 1.5 
h, the mixture was diluted with diethyl ether and 25% aqueous NH3 was added. Inorganic precipitate was 
filtered through a pad of Celite® and the filtrate was evaporated. The residue was dissolved in THF (15 mL) 
and 1 M aqueous HCl (10 mL) was added at 0˚C. After being stirred for 30 min at the same temperature, 
the mixture was neutralized with saturated aqueous NaHCO3 and extracted with diethyl ether. The organic 
layer was dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column 
chromatography (ethyl acetate : hexane = 1:4) to afford 95 (531 mg, 54%) as a yellow oil. 
IR ν (film) cm−1: 2980, 1786, 1738, 1682, 1298, 1254, 1153; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.26 
(3H, t, J = 7.5 Hz), 1.55 (9H, s), 2.62 (1H, dd, J = 15.4, 7.6 Hz), 2.67 (1H, dd, J = 15.6, 6.0 Hz), 2.90 (2H, 
q, J = 7.5 Hz), 3.45 (1H, m), 3.54 (1H, d, J = 7.2 Hz), 3.78 (3H, s), 5.26 (1H, dd, J = 8.2, 4.4 Hz), 6.80 (1H, 
d, J = 8.2 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.6, 23.6, 27.9, 32.4, 46.1, 52.9, 54.8, 84.6, 109.0, 
125.7, 149.2, 164.1, 168.2, 196.2; FABMS m/z: 358 (M + H)+, 302, 154 (100%), 57; HRMS [FAB] (M + 
H)+ Calcd C16H24NO6S: 358.1324. Found: 358.1331. 
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The Second Chapter 
 
The First Section 
3-Benzyloxymethyl-N-tosyl-2-pyridinone (56a) (Scheme 41) 
N O
OBn
Ts  
Under argon atmosphere, a solution of 99 (800 mg, 5.75 mmol) in anhydrous DMF (6.0 mL) was added to 
a suspension of NaH (253 mg, 6.33 mmol, 60% in oil), which was washed with dry hexane, in DMF (12.0 
mL) at 0˚C. After stirring for 50 min at 0˚C, benzyl bromide (0.90 mL, 7.58 mmol) was added and ice bath 
was removed. The mixture was stirred for 5 h at room temperature. The reaction was quenched with 
phosphate buffer solution (pH 6.86) at 0˚C and the mixture was extracted with diethyl ether. The combined 
organic layer was washed with water and brine, dried over anhydrous MgSO4 and evaporated. The residue 
was purified by silica gel chromatography (ethyl acetate : hexane = 1:9) to give 100 as a pale yellow solid, 
which was used in the next reaction without further purification. 
To a solution of 100 in acetonitrile (14.0 mL) was added NaI (1.35 g, 8.98 mmol) and TMSCl (1.15 mL, 
8.98 mmol) at 0˚C and warmed to 60˚C. After stirring for 3.5 h, 5% aqueous Na2SO3 and brine (1:1) was 
added at 0˚C, and extracted with ethyl acetate. The organic layer was dried over anhydrous MgSO4 and 
concentrated in vacuo. The residue was purified by silica gel chromatography (ethyl acetate : hexane = 9:1) 
to yield 101 as a light yellow solid, which was subjected in the next reaction without further purification. 
Under argon atmosphere, LiHMDS (1.0 M THF solution, 3.65 mL, 3.65 mmol) was added slowly to a 
solution of 101 in anhydrous THF (8.0 mL) at −10˚C. After stirring at −10˚C for 30 min, a solution of tosyl 
chloride (1.39 g, 7.29 mmol) in distilled THF (4.0 mL) was added at the same temperature, and warmed 
gradually to room temperature. After being stirred for 9 h, the reaction was stopped with phosphate buffer 
solution (pH 6.86), the mixture was extracted with ethyl acetate. The organic layer was washed with brine, 
dried over anhydrous MgSO4 and concentrated in vacuo. The residue was purified by silica gel 
chromatography (ethyl acetate : hexane = 4:1) to afford 56a (636 mg, 30%, 3 steps) as a colorless oil. 
IR ν (film) cm–1: 1668, 1556, 1367, 1174, 1086, 1074; 1H-NMR (600 MHz, CDCl3) δ (ppm): 2.43 (3H, s), 
4.36 (2H, s), 4.57 (2H, s), 6.29 (1H, t, J = 7.0 Hz), 7.24-7.37 (7H, m), 7.50 (1H, dd, J = 6.6, 1.4 Hz), 7.98 
(2H, d, J = 8.4 Hz), 8.04 (1H, dd, J = 7.4, 1.0 Hz); 13C-NMR (150 MHz, CDCl3) δ (ppm):21.8, 66.4, 73.2, 
106.2, 127.7, 127.8, 128.4, 129.5, 129.7, 129.8, 132.7, 133.5, 136.6, 137.8, 146.1, 159.2; MS m/z: 263 [(M 
 104
− OBn + 1) +, 32%], 108 (100%), 91; HRMS Calcd C13H13NO3S (M − OBn + 1)+: 263.0616, Found: 
263.0615. 
 
3-Hydroxymethyl-N-tosyl-2-pyridinone (103) (Scheme 42) 
N O
OH
Ts  
Under argon atmosphere, BuLi (1.25 M hexane solution, 0.71 mL, 0.89 mmol) was added to a suspension 
of 102 (101 mg, 0.807 mmol) in anhydrous THF (2.7 mL) and HMPA (1.1 mL) at 0˚C. After being stirred 
for 50 min at 0˚C, a solution of tosyl chloride (480 mg, 2.52 mmol) in anhydrous THF (0.60 mL) was 
added to the reaction mixture via canulla and stirred for 1 h at the same temperature. The reaction was 
quenched with phosphate buffer solution (pH 6.86) at 0˚C, extracted with ethyl acetate and evaporated. The 
residue was dissolved in diethyl ether and the ethereal solution was washed with water and brine, then dried 
over anhydrous MgSO4 and evaporated. The residue was purified by silica gel chromatography (ethyl 
acetate : hexane = 2:1) to yield 103 (142.7 mg, 63 %) as a yellow solid. 
Mp 116-117˚C (colorless plates from ethyl acetate-hexane); IR ν (film) cm–1: 3420, 1666, 1609, 1556, 1367, 
1175; 400 MHz 1H-NMR (CDCl3) δ (ppm): 2.45 (3H, s), 2.77 (1H, bs), 4.44 (2H, s), 6.29 (1H, t, J = 7.0 
Hz), 7.35 (3H, m), 7.97 (2H, d, J = 8.4 Hz), 8.06 (1H, dd, J = 7.6, 1.6 Hz); 100 MHz 13C-NMR (CDCl3) δ 
(ppm): 21.8, 61.4, 106.2, 129.5, 129.7, 130.4, 133.2, 134.1, 137.2, 146.2, 160.2; MS m/z: 279 (M+, 5.4%), 
215, 91 (100%); HRMS Calcd. C13H13NO4S: 279.0565, Found: 279.0558; Anal. Calcd C13H13NO4S: C, 
55.90; H, 4.69; N, 5.01. Found: C, 55.88; H, 4.76; N, 4.98. 
 
3-Methoxymethoxymethyl-N-tosyl-2-pyridinone (56b) 
N O
OMOM
Ts  
MOMCl (0.095 mL, 1.3 mmol) and diisopropylethylamine (0.17 mL, 1.0 mmol) were added to a solution 
of 103 (72.0 mg, 0.258 mmol) in dichloromethane (1.2 mL) at room temperature. After being stirred for 8 h, 
water was added and extracted with ethyl acetate. The organic layer was washed with brine, dried over 
anhydrous MgSO4 and evaporated. The residue was purified by silica gel chromatography (ethyl acetate 
: hexane = 2:3) to afford 56b (64 mg, 77%) as a colorless oil. 
IR ν (film) cm–1: 1668, 1558, 1367, 1175, 1092, 1047; 1H-NMR (400 MHz, CDCl3) δ (ppm): 2.44 (3H, s), 
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3.34 (3H, s), 4.40 (2H, s), 4.67 (2H, s), 6.29 (1H, t, J = 7.0 Hz), 7.35 (2H, d, J = 8.4 Hz), 7.45 (1H, dd, J = 
6.6, 1.0 Hz), 7.99 (2H, d, J = 8.4 Hz), 8.05 (1H, dd, J = 7.6, 0.8 Hz); 13C-NMR (100 MHz, CDCl3) δ 
(ppm): 21.8, 55.4, 64.0, 96.4, 106.0, 129.5, 129.9, 130.0, 132.4, 133.5, 136.8, 146.1, 159.2; MS m/z: 378 
([M − ΟMe]+, 1.5%), 263, 199, 108 (100%), 91; HRMS Calcd C14H14NO4S ([M − OMe]+): 292.0644, 
Found: 292.0629. 
 
Benzyl N-benzyl-4-ethoxycarbonylmethyl-2-pyridinone-3-carboxylate (104) (Scheme 44) 
N O
CO2Bn
Bn
OEt
O
 
Under argon atmosphere, a solution of 72a (4.50 g, 11.0 mmol) in anhydrous DMF (12.0 mL) was added to 
a suspension of NaH (490 mg, 12.3 mmol, 60% in oil), which was washed with dry hexane, in anhydrous 
DMF (24.5 mL) at 0˚C. After being stirred for 40 min, CuBr2 (7.25 g, 32.5 mmol) was added, and stirred at 
0˚C for additional 30 min. The reaction mixture was warmed to ambient temperature and stirred for 4 h.  
Anhydrous DMSO (36.5 mL) was added and the mixture was warmed to 50˚C and stirred for 24 h. 1 M 
HCl was added to the reaction solution at 0˚C and stirred for 20 min, then extracted with diethyl ether. The 
combined organic  layer was washed with water and brine, dried over anhydrous MgSO4 and evaporated. 
The residue was purified by silica gel chromatography (ethyl acetate : hexane = 1:1) to yield 104 (2.48 g, 
56 %) as a yellow oil. 
IR ν (neat) cm–1: 1732, 1651, 1601, 1269, 1123; 1H-NMR (400 MHz, CDCl3) δ (ppm): 1.18 (3H, t, J = 7.2 
Hz), 3.51 (2H, s), 4.05 (2H, q, J = 7.2 Hz), 5.11 (2H, s), 5.36 (2H, s), 6.10 (1H, d, J = 6.8 Hz), 7.20-7.50 
(11H, m); 13C-NMR (100 MHz CDCl3) δ (ppm): 14.1, 38.8, 52.1, 61.3, 67.3, 108.0, 124.6, 128.1, 128.2, 
128.3, 128.41, 128.44, 128.9, 135.38, 135.45, 137.8, 145.7, 159.3, 165.6, 168.8; MS m/z: 405 (M+,13%), 
271, 199, 91 (100%); HRMS Calcd C24H23NO5: 405.1576, Found: 405.1590. 
 
Benzyl N-benzyl-4-[1’-(ethoxycarbonyl)propyl]-2-pyridinone-3-carboxylate (105) 
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N O
CO2Bn
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Under argon atmosphere, LiHMDS (1.0 M THF solution, 1.65 mL, 1.65 mmol) was added slowly to a 
solution of 104 (632 mg, 1.56 mmol) in anhydrous THF (5.5 mL) at −78˚C. After being stirred at −78˚C for 
40 min, ethyl iodide (0.32 mL, 4.0 mmol) was added to the mixture, and stirred for 1 h at the same 
temperature. The mixture was allowed to warm to room temperature and stirred for 10 h. Phosphate buffer 
solution (pH 6.86) was added to the mixture at 0˚C and extracted with ethyl acetate. The organic layer was 
washed with brine, dried over anhydrous MgSO4 and concentrated in vacuo. The residue was purified by 
silica gel chromatography (ethyl acetate : hexane = 1:2) to afford 90 (485 mg, 71%) as a pale yellow oil. 
IR ν (film) cm–1: 1732, 1651, 1601, 1123; 1H-NMR (400 MHz, CDCl3) δ (ppm): 0.78 (3H, t, J = 7.4 Hz), 
1.17 (3H, t, J = 7.2 Hz), 1.65 (1H, m), 1.93 (1H, m), 3.43 (1H, t, J = 7.6 Hz), 4.02 (1H, dq, J = 12.0, 7.3 
Hz), 4.12 (1H, dq, J = 12.0, 7.2 Hz), 5.08 (1H, d, J = 14.8 Hz), 5.12 (1H, d, J = 14.4 Hz), 5.38 (1H, d, J = 
12.8 Hz), 5.41 (1H, d, J = 12.4 Hz), 6.27 (1H, d, J = 7.6 Hz), 7.20-7.54 (11H, m); 13C-NMR (100 MHz, 
CDCl3) δ (ppm): 11.8, 14.0, 25.8, 49.4, 52.0, 61.1, 67.3, 104.6, 125.4, 128.2, 128.3, 128.47, 128.52, 128.6, 
128.9, 135.47, 135.54, 137.5, 149.1, 159.4, 165.8, 171.8; MS m/z: 433 (M+, 50%), 299, 296, 91 (100%); 
HRMS Calcd C26H27NO5: 433.1889, Found: 433.1902. 
 
Procedure for Scheme 45 
A mixture of 82 (132 mg, 0.302 mmol) and SeO2 (45 mg, 0.41 mmol) in anhydrous dioxane was refluxed 
for 3 h. The reaction mixture was filtered through a pad of CeliteR and the filtrate was concentrated. The 
crude mixture was purified silica gel chromatography (ethyl acetate : hexane = 1:2) to afford 105 (88 mg, 
68 %). 
 
4-Ethyl-1,4-dihydro-N-benzyl-4H-pyrano[3,4c]pyridine-3,8-dione (60c) (Scheme 46) 
N O
Bn
O
O
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To a solution of 90 (128 mg, 0.295 mmol) and CeCl3･7H2O (144 mg, 0.386 mmol) in ethanol (5.0 mL) was 
added NaBH4 (66.0 mg, 1.75 mmol) in three portions every 10 min at 0˚C. After stirring at 0˚C for 4 h, 
acetone added and stirred for 30 min at the same temperature, then dry ice-acetone bath removed. 1 M HCl 
was added and stirred for 10 h. The mixture was neutralized with saturated aqueous NaHCO3, extracted 
with ethyl acetate and the organic layer was dried over anhydrous MgSO4 and evaporated. The residue was 
purified by silica gel chromatography (ethyl acetate hexane =1:1) to afford 60c (37.1 mg, 44%) as a light 
yellow solid. Recovered 105 was subjected in the another reaction as above to yield 60c (6.4 mg, 8%). 
Mp 102˚C (light yellow prisms from toluene); IR ν (film) cm–1: 1738, 1661, 1603, 1568, 1231, 1055; 
1H-NMR (400 MHz, CDCl3) δ (ppm): 1.01 (3H, t, J = 7.6 Hz), 1.80-2.10 (2H, m), 3.39 (1H, t, J = 6.4Hz), 
5.11 (1H, d, J = 14.4 Hz), 5.18 (1H, d, J = 14.4 Hz), 5.27 (1H, d, J = 16.0 Hz), 5.44 (1H, d, J = 16.4 Hz), 
6.04 (1H, d, J = 6.8 Hz), 7.15-7.45 (6H, m); 13C-NMR (100 MHz, CDCl3) δ (ppm): 11.1, 25.1, 44.9, 52.0, 
66.3, 105.1, 120.9, 128.2, 128.3, 129.0, 135.7, 136.9, 145.6, 158.9, 170.7; MS m/z: 283 (M+, 73.3%), 91 
(100.0%); Anal. Calcd C17H17NO3: C, 72.07; H, 6.05; N, 4.94. Found: C, 72.06; H, 6.08; N, 4.92. 
 
4-Ethyl-4-hydroxy-1-hydro-N-benzyl-4H-pyrano[3,4c]pyridine-3,8-dione (109) 
N O
Bn
O
O
HO
 
General Procedure for the Table 11 (asymmetric hydroxylation reaction of 60c) 
Base was added to a solution of 60c in anhydrous THF at −78˚C. After being stirred for 30 min at the same 
temperature, a solution of oxaziridine derivative 61x in anhydrous THF was added slowly to the reaction 
mixture at −78˚C, and the mixture was stirred for 5 h at the same temperature. The mixture was diluted 
with THF and saturated aqueous NH4Cl was added, then dry ice-acetone bath was removed. The aqueous 
solution was extracted with ethyl acetate and the combined organic layer was washed with saturated 
aqueous Na2SO3 and brine, dried over anhydrous MgSO4 and concentrated in vacuo. The residue was 
purified by silica gel chromatography (ethyl acetate : hexane = 2:3) to afford 109 as a white solid. 
Enantiomeric excess of 109 was determined on HPLC with DAICEL CHIRALCEL OD-H. 
Chiral HPLC conditions for 109 
Solvent: iPrOH-hexane (1:6). Flow rate: 0.5 mL/min. Retention time: S-109; 53.8 min, R-109; 50.3 min. 
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Mp 140˚C (white powder from benzene); [α]D23 −107 (c 1.01, CHCl3, 91% ee); IR ν (film) cm–1: 3362, 
1747, 1651, 1593, 1564, 1139; 1H-NMR (400 MHz, CDCl3) δ: 0.96 (3H, t, J = 7.2 Hz), 1.71-1.87 (2H, m), 
3.65 (1H, s), 5.11 (1H, d, J = 14.4 Hz), 5.18 (2H, d, J = 15.2 Hz), 5.61 (1H, d, J = 16.0 Hz), 6.50 (1H, d, J 
= 7.2 Hz), 7.20-7.45 (6H, m); 13C-NMR (100 MHz, CDCl3) δ: 7.7, 31.6, 52.3, 66.6, 72.1, 102.9, 119.0, 
128.2, 128.3, 128.9, 135.5, 137.4, 148.3, 158.6, 173.7; MS m/z: 299 (M+, 88.8%), 91 (100.0%); Anal. Calcd 
C17H17NO4: C, 68.21; H, 5.72; N, 4.68. Found: C, 68.07; H, 5.79; N, 4.59. 
Reaction with LiHMDS and 61a 
Following the general procedure, 60c (11.2 mg, 0.0395 mmol), LiHMDS (1.0 M THF solution, 45 µL, 
0.045 mmol) and 61a (13.0 mg, 0.0569 mmol) in THF (0.8 mL) were reacted. After purification, 109 (3.6 
mg, 30%, 23% ee) was obtained. 
 
Reaction with NaHMDS and 61a 
Following the general procedure, 60c (12.4 mg, 0.0438 mmol), NaHMDS (1.0 M THF solution, 50 µL, 
0.050 mmol) and 61a (17.2 mg, 0.0750 mmol) in THF (0.9 mL) were reacted. After purification, 109 (2.5 
mg, 19%, 28% ee) was obtained.  
 
Reaction with KHMDS and 61a 
Following the general procedure, 60c (6.3 mg, 0.022 mmol), KHMDS (0.752 M toluene solution, 35 µL, 
0.026 mmol) and 61a (8.9 mg, 0.0390 mmol) in THF (0.5 mL) were reacted. After purification, 109 (5.3 
mg, 84%, 29% ee) was obtained. 
 
Reaction with LiHMDS and 61b 
Following the general procedure, 60c (7.7 mg, 0.027 mmol), LiHMDS (1.0 M THF solution, 30 µL, 0.030 
mmol) and 61b (17.6 mg, 0.0455 mmol) in THF (0.7 mL) were reacted. After purification, 109 (8.0 mg, 
98%, 19% ee) was obtained. 
 
Reaction with NaHMDS and 61b 
Following the general procedure, 60c (6.9 mg, 0.024 mmol), NaHMDS (1.0 M THF solution, 27 µL, 0.027 
mmol) and 61b (16.0 mg, 0.0413 mmol) in THF (0.7 mL) were reacted. After purification, 109 (4.8 mg, 
66%, 25% ee) was obtained. 
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Reaction with KHMDS and 61b 
Following the general procedure, 60c (8.5 mg, 0.030 mmol), KHMDS (0.752 M toluene solution, 45 µL, 
0.034 mmol) and 61b (17.0 mg, 0.0439 mmol) in THF (0.8 mL) were reacted. After purification, 109 (7.3 
mg, 65%, 2% ee) was obtained. 
 
Reaction with LiHMDS and 61c 
Following the general procedure, 60c (7.6 mg, 0.027 mmol), LHMDS (1.0 M THF solution, 30 µL, 0.030 
mmol) and 61c (18.0 mg, 0.0622 mmol) in THF (0.7 mL) were reacted. After purification, 109 (2.5 mg, 
52%, 38% ee) was obtained. 
 
Reaction with NaHMDS and 61c 
Following the general procedure, 60c (10.5 mg, 0.0371 mmol), NaHMDS (1.0 M THF solution, 40 µL, 
0.040 mmol) and 61c (18.6 mg, 0.0643 mmol) in THF (0.85 mL) were reacted. After purification, 109 (0.5 
mg, 5%, 39% ee) was obtained. 
 
Reaction with KHMDS and 61c 
Following the general procedure, 60c (10.0 mg, 0.0353 mmol), KHMDS (0.752 M toluene solution, 50 µL, 
0.050 mmol) and 61c (17.5 mg, 0.0605 mmol) in THF (0.85 mL) were reacted. After purification, 109 (7.9 
mg, 75%, 72% ee) was obtained. 
 
Reaction with KHMDS and 61d 
Following the general procedure, 60c (8.2 mg, 0.029 mmol), KHMDS (0.752 M toluene solution, 45 µL, 
0.034 mmol) and 61d (15.5 mg, 0.0488 mmol) in THF (0.8 mL) were reacted. After purification, 109 (6.3 
mg, 73%, 52% ee) was obtained. 
 
Reaction with KHMDS and 61e 
Following the general procedure, 60c (7.0 mg, 0.025 mmol), KHMDS (0.752 M toluene solution, 35 µL, 
0.026 mmol) and 61e (12.0 mg, 0.0418 mmol) in THF (1.0 mL) were reacted. After purification, 109 (4.2 
mg, 54%, 20% ee) was obtained. 
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(S)-4-Ethyl-4-hydroxy-1,7-dihydro-4H-pyrano[3,4c]pyridine-3,8-dione (lit. iv, v) (54) 
N
H
O
O
O
HO
 
Asymmetric hydroxylation reaction of 60c (151 mg, 0.535 mmol) with 61c and KHMDS provided 109 
(75% yield, 72% ee), which was recrystallized from benzene to afford 109 (70 mg, 44% yield, 91% ee). 
A mixture of 109 and a catalytic amount of Pd(OH)2/C (16 mg, 0.021mmol) in ethanol (3.0 mL) was stirred 
under H2 atmosphere at 50˚C for 3 h. The mixture was filtered through a pad of CeliteR and the filtrate was 
concentrated in vacuo to provide a white solid. The crude product was recrystallized from methanol to 
afford 54 (56.8 mg, 51%, 2 steps) as a colorless needles. Enantiomeric excess of 54 was determined on 
HPLC with DAICEL CHIRALCEL OD-H. 
Chiral HPLC conditions for 54 
Solvent: ethanol-hexane (1:9). Flow rate: 0.5 mL/min. Retention time: S-54; 29.7 min, R-54; 25.6 min. Mp 
214 ˚C (decomp.); [α]D18 131 (c 0.204, chloroform : methanol, 4:1). { lit.4 [α]D23 117 (c 0.2, chloroform : 
methanol, 4:1)}; IR ν (nujol) cm–1: 3175, 1732, 1651, 1614, 1462, 1377; 1H-NMR (400 MHz, DMSO-d6)5 
δ (ppm) : 0.79 (3H, t, J = 7.4 Hz), 1.68-1.79 (2H, m), 5.21 (2H, s), 6.25 (1H, br-s), 6.33 (1H, d, J = 6.8 Hz), 
7.41 (1H, d, J = 6.8 Hz), 11.81 (1H, br-s); 13C-NMR (100 MHz, DMSO-d6)v δ: 7.2, 29.8, 64.6, 71.4, 101.5, 
118.4, 134.1, 149.2, 158.2, 171.9; MS m/z: 209 (M+, 68%), 165, 136 (100.0%); HRMS Calcd C10H11NO4: 
209.0688, Found: 209.0672. Anal. Calcd C10H11NO4: C, 57.41; H, 5.30; N, 6.70. Found: C, 57.35; H, 5.39; 
N, 6.69. 
 
The Second Section 
Methyl N-benzyl-4-(ethoxycarbonyl)methyl-3-hydroxy-2-oxo-1,2,3,4-tetrahydropyridine-3- 
carboxylate (111c) (Scheme 51) 
N
CO2Me
OH
EtO2C
O
Bn  
                                                        
4 Comins, D. L.;Nolan, J. M. Org. Lett. 2001, 3, 4255-4257. 
5 Peters, R.; Althaus, M.; Nagy, A.-L. Org. Biomol. Chem. 2006, 4, 498-509. 
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Under argon atmosphere, a solution of 38c (400 mg, 1.21 mmol) in anhydrous THF (6.0 mL) was added to 
a suspension of NaH (53 mg, 1.3 mmol, 60% in oil), which was washed with dry hexane, in THF (6.0 mL) 
at 0˚C. After being stirred at 0˚C for 30 min, a solution of oxaziridine 110 (380 mg, 1.45 mmol) in THF 
(4.0 mL) was added at −78˚C and stirred for 1 h. The mixture was diluted with diethyl ether and saturated 
aqueous NH4Cl was added at −78˚C. Acetone-dry ice bath was removed and the mixture was stirred for 
additional 1 h. The mixture was extracted with ethyl acetate and combined organic layer was washed with 
saturated aqueous Na2SO3 and brine, dried over anhydrous MgSO4 and evaporated. The residue was 
purified by silica gel column chromatography (ethyl acetate : hexane = 1:3) to afford 111c (354 mg, 84%) 
as a yellow oil. 
IR ν (film) cm−1: 3425, 2982, 1732, 1674, 1246, 1171; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.26 (3H, t, J 
= 7.2 Hz), 2.50 (1H, dd, J = 16.1, 11.2 Hz), 2.89 (1H, dd, J = 16.1, 3.3 Hz), 3.32 (1H, m), 3.71 (3H, s), 4.15 
(2H, q, J = 7.2 Hz), 4.46 (1H, s), 4.61 (1H, d, J = 15.0 Hz), 4.88 (1H, d, J = 15.0 Hz), 5.10 (1H, dd, J = 8.1, 
2.6 Hz), 6.00 (1H, dd, J = 8.1, 3.2 Hz), 7.22-7.37 (5H, m); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 33.1, 
38.5, 50.0, 52.7, 60.8, 75.8, 109.3, 109.4, 127.6, 127.75, 127.80, 128.7, 135.7, 167.7, 169.0, 171.7; MS m/z: 
329 [(M − H2O)+, 85%], 297 (100%), 288, 91; HRMS (M − H2O)+ Calcd C18H19NO5: 329.1263. Found: 
329.1243. 
 
Methyl N-benzyl-4-(ethoxycarbonyl)methyl-3-hydroxy-2-oxopiperidine-3-carboxylate (111c') 
(Scheme 52)  
N
CO2Me
OH
EtO2C
O
Bn  
Under H2 atmosphere, a solution of 111c (243 mg, 0.700 mmol) in ethyl acetate (7.0 mL) was stirred at 
ambient temperature in the presence of 5% Pd/C (75 mg, 0.035 mmol). After 6.5 h, the mixture was filtered 
through a pad of CeliteR and the filtrate was evaporated to afford 111c' (235 mg, 96%) as a colorless oil. 
IR ν (film) cm−1: 3383, 2922, 1732, 1651, 1246, 1163; 1H-NMR (400MHz, CDCl3) δ (ppm):1.24 (3H, t, J = 
7.2 Hz), 1.90-2.00 (1H, m), 2.00-2.16 (2H, m), 2.58 (1H, m), 2.81 (1H, dd, J = 16.4, 3.2 Hz), 3.28 (1H, ddd, 
J = 12.3, 6.4, 2.0 Hz), 3.37 (1H, td, J = 12.3, 5.2 Hz), 3.82 (3H, s), 4.09-4.16 (2H, m), 4.42 (1H, d, J = 15.2 
Hz), 4.82 (1H, d, J = 15.2 Hz), 7.22-7.37 (5H, m); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 23.7, 35.0, 
38.7, 46.0, 50.8, 52.9, 60.7, 77.3, 127.6, 127.7, 128.6, 135.9, 168.3, 170.8, 171.5; MS m/z: 349 (M+, 45%), 
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216, 184, 91 (100%); HRMS Calcd C18H23NO6: 349.1525, Found: 349.1524. 
 
Methyl N-benzyl-2,7-dioxo-hexahydro-furo[2,3-c]pyridine-7a-carboxylate (112) 
N O
Bn
O
CO2Me
O
 
Aqueous 5 M KOH solution (1.7 mL) was added to a solution of 111c'(100 mg, 0.286 mmol) in methanol 
(10.0 mL) at 0˚C and stirred at room temperature for 30 min. The mixture was neutralized with 1 M 
aqueous HCl to pH 3 and extracted with diethyl ether. The organic solution was dried over anhydrous 
MgSO4 and evaporated. The resulting carboxylic acid was used to the next reaction without further 
purification. 
DMAP (5.0 mg, 0.041 mmol) and EDCI (43 mg, 0.22 mmol) was added to a solution of the carboxylic acid 
(63.0 mg, 0.196 mmol) in anhydrous dichloromethane (8.0 mL) at 0˚C. After being stirred at room 
temperature for 1.5 h, 0.5 M aqueous HCl was added to the mixture at 0˚C and extracted with diethyl ether. 
Combined organic layer was washed with 0.5 M aqueous HCl, saturated aqueous NaHCO3 and brine. The 
solvent was evaporated to yield 112 (41.3 mg, 70%). 
Mp 209-211˚C (colorless prisms from ethyl acetate); IR ν (film) cm−1: 1805, 1743, 1668, 1254, 1155; 
1H-NMR (600MHz, CDCl3) δ (ppm): 1.77 (1H, tt, J = 13.4, 8.9 Hz), 2.21 (1H, dddd, J = 13.4, 8.9, 4.8, 2.3 
Hz), 2.61 (1H, dd, J = 16.1, 7.8 Hz), 2.68 (1H, dd, J = 16.1, 7.8 Hz), 2.82 (1H, tdd, J = 13.4, 7.8, 4.8 Hz), 
3.36 (1H, dt, J = 13.1, 8.9 Hz), 3.42 (1H, ddd, J = 13.1, 8.9, 2.3 Hz), 3.82 (3H, s), 4.50 (1H, d, J = 14.4 Hz), 
4.78 (1H, d, J = 14.4 Hz), 7.27-7.35 (5H, m); 13C-NMR (150MHz, CDCl3) δ (ppm): 21.1, 32.7, 41.4, 45.3, 
50.0, 53.5, 84.4, 127.8, 128.4, 128.7, 136.3, 164.4, 167.5, 173.4; MS m/z: 303 (M+, 59%), 91 (100%); Anal. 
Calcd C16H17NO5: C, 63.36; H, 5.65; N, 4.62. Found: C, 63.24; H, 5.60; N, 4.60. 
 
Benzyl N-benzyl-4-(ethoxycarbonyl)methyl-3-hydroxy-2-oxo-1,2,3,4-tetrahydropyridine-3- 
carboxylate (113) (Scheme 53) 
N
CO2Bn
OH
EtO2C
O
Bn  
Under argon atmosphere, a solution of 72a (392 mg, 0.962 mmol) in anhydrous THF (4.0 mL) was added 
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to a suspension of NaH (42 mg, 1.1 mmol, 60% in oil), which was washed with dry hexane, in THF (4.0 
mL) at 0˚C. After being stirred at 0˚C for 30 min, a solution of oxaziridine 110 (300 mg, 1.15 mmol) in 
THF (4.0 mL) was added at −78˚C and stirred for 1 h. The mixture was diluted with diethyl ether and 
saturated aqueous NH4Cl was added at −78˚C. Acetone-dry ice bath was removed and the mixture was 
stirred for additional 1 h. The mixture was extracted with ethyl acetate and combined organic layer was 
washed with saturated aqueous Na2SO3 and brine, dried over anhydrous MgSO4 and evaporated. The 
residue was purified by silica gel column chromatography (ethyl acetate : hexane = 1:4) to afford 113 (327 
mg, 80%) as a yellow oil. 
IR ν (film) cm−1: 3429, 2982, 1732, 1674, 1256, 1173; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.24 (3H, t, J 
= 7.1 Hz), 2.44 (1H, dd, J = 16.1, 11.2 Hz), 2.86 (1H, dd, J = 16.1, 3.4 Hz), 3.33 (1H, m), 4.13 (2H, q, J = 
7.1 Hz), 4.46 (1H, s), 4.59 (1H, d, J = 14.8 Hz), 4.82 (1H, d, J = 14.8 Hz), 5.08 (1H, dd, J = 7.9, 2.4 Hz), 
5.12 (1H, d, J = 12.2 Hz), 5.19 (1H, d, J = 12.2 Hz), 5.95 (1H, dd, J = 7.9, 3.4 Hz), 7.17-7.36 (10H, m); 
13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 33.0, 38.5, 50.0, 60.7, 67.5, 75.9, 109.36, 109.40, 127.7, 127.8, 
128.0, 128.4, 128.5, 128.7, 134.8, 135.5, 167.6, 168.5, 171.7; MS m/z: 405 [(M−H2O)+, 11%], 288, 271, 91 
(100%); HRMS (M−H2O)+ Calcd C24H23NO5: 405.1576. Found: 405.1573. 
 
Methyl N-tert-butoxycarbonyl-4-(ethoxycarbonyl)methyl-3-hydroxy-2-oxo-1,2,3,4-tetrahydro 
pyridine-3-carboxylate (111b) 
N
CO2Me
OH
EtO2C
O
Boc  
Under argon atmosphere, a solution of 38b (2.85 g, 8.35 mmol) in anhydrous THF (20 mL) was added to a 
suspension of NaH (370 mg, 9.25 mmol, 60% in oil), which was washed with dry hexane, in THF (20 mL) 
at 0˚C. After being stirred at 0˚C for 30 min, a solution of oxaziridine 110 (2.60 g, 9.95 mmol) in THF (25 
mL) was added at −78˚C and stirred for 1 h. The mixture was diluted with diethyl ether and saturated 
aqueous NH4Cl was added at −78˚C. Acetone-dry ice bath was removed and the mixture was stirred for 
additional 1 h. The mixture was extracted with ethyl acetate and combined organic layer was washed with 
brine, dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column 
chromatography (ethyl acetate : hexane = 1:3) to afford 111b (2.05 g, 69%) as a colorless oil. 
IR ν (film) cm−1: 3445, 2984, 1790, 1732, 1371, 1296, 1250, 1155; 1H-NMR (400MHz, CDCl3) δ (ppm): 
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1.27 (3H, t, J = 7.1 Hz), 1.56 (9H, s), 2.63 (1H, dd, J = 16.4, 11.2 Hz), 2.91 (1H, dd, J = 16.4, 3.6 Hz), 3.27 
(1H, m), 3.75 (3H, s), 4.17 (2H, q, J = 7.1 Hz), 4.50 (1H, s), 5.21 (1H, dd, J = 8.3, 2.4 Hz), 6.75 (1H, dd, J 
= 8.3, 3.4 Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 27.9, 32.9, 37.6, 53.0, 60.8, 76.7, 85.2, 110.3, 
124.8, 148.6, 167.8, 168.1, 171.6; FABMS m/z: 358 (M + H)+, 258 (100%), 57; HRMS [FAB] (M + H)+ 
Calcd C16H24NO8: 358.1502. Found: 358.1536. 
 
Benzyl N-benzyl-6-methyl-2-pyridinone-3-carboxylate (114c) (Scheme 55) 
N
CO2Bn
O
Bn
Me
 
Under argon atmosphere, a solution of 119 (500 mg, 3.26 mmol) in anhydrous DMF (6.0 mL) was added to 
a suspension of NaH (280 mg, 7.00 mmol, 60% in oil), which was washed with dry hexane, in anhydrous 
DMF (6.0 mL) at 0˚C. After being stirred at 0˚C for 30 min, benzyl bromide (0.93 mL, 7.8 mmol) was 
added at the same temperature, then the mixture was warmed slowly to room temperature and stirred for 
3.5 h. Phosphate buffer solution (pH 6.86) was added at 0˚C and extracted with diethyl ether. The organic 
layer was washed with water and brine, dried over anhydrous MgSO4 and evaporated. The residue was 
purified by silica gel column chromatography (ethyl acetate : hexane = 2:3) to provide 114c (375 mg, 35%) 
as a colorless oil. 
IR ν (film) cm−1: 3032, 1732, 1693, 1651, 1556, 1423, 1281, 1113; 1H-NMR (400MHz, CDCl3) δ (ppm): 
2.33 (3H, s), 5.35 (2H, s), 5.39 (2H, s), 6.07 (1H, d, J = 7.4 Hz), 7.14-7.49 (10H, m), 8.09 (1H, d, J = 7.4 
Hz); 13C-NMR (100MHz, CDCl3) δ (ppm): 21.3, 47.6, 66.5, 105.9, 117.3, 126.6, 127.5, 128.0, 128.1, 128.5, 
128.8, 135.8, 136.3, 144.2, 153.0, 160.5, 165.0; MS m/z: 333 (M+, 88%), 136 (100%); HRMS Calcd 
C21H19NO3: 333.1365. Found: 333.1368. 
 
Methyl 6-methyl-2-pyridinone-3-carboxylate (114d) 
N
H
CO2Me
OMe  
SOCl2 (1.43 mL, 19.6 mmol) was added to a suspension of 2-hydroxy-6-methylnicotinic acid (119) (500 
mg, 3.26 mmol) in methanol (15 mL) at 0˚C and the mixture was refluxed for 1 h. The solvent and the 
excess reagent were evaporated. The residue was dissolved in water, neutralized with Na2CO3 and the 
mixture was extracted with chloroform. The combined organic layer was dried over anhydrous MgSO4 and 
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evaporated. The crude product was recrystallized from ethyl acetate to afford 114d (431 mg, 79 %). 
Mp 161-162 ˚C (colorless needles from ethyl acetate); IR ν (film) cm−1: 2951, 1732, 1645, 1609, 1285, 
1194, 1123; 1H-NMR (400MHz, CDCl3) δ (ppm): 2.47 (3H, s), 3.89 (3H, s), 6.21 (1H, d, J = 7.6 Hz), 8.19 
(1H, d, J = 7.6 Hz), 13.28 (1H, br-s); 13C-NMR (100MHz, CDCl3) δ (ppm): 19.7, 52.0, 106.4, 115.5, 146.4, 
153.1, 162.9, 165.4; MS m/z: 167 (M+, 92%), 136 (100%), 109, 107; Anal. Calcd C8H9NO3: C, 57.48; H, 
5.43; N, 8.38. Found: C, 57.46; H, 5.61; N, 8.37. 
 
Methyl N-tert-butoxycarbonyl-6-methyl-2-pyridinone-3-carboxylate (114b) 
N
CO2Me
O
Boc
Me
 
Under argon atmosphere, triethylamine (155 µL, 1.11 mmol), di-tert-butyl dicarbonate (220 µL, 0.958 
mmol) and DMAP (19 mg, 0.156 mmol) was successively added to a solution of 114d (132 mg, 31.3 
mmol) in anhydrous acetonitrile (6.0 mL) at 0˚C. After being stirred at room temperture for 1.5 h, the 
solvent was evaporated. The residue was purified by silica gel column chromatography (ethyl acetate 
: hexane = 1:3) to afford 114b (213 mg, 100%). Mp 65-67˚C (white powder from diethyl ether-hexane); IR 
ν (film) cm−1: 2982, 1761, 1732, 1607, 1290, 1244, 1153, 1088; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.57 
(9H, s), 2.59 (3H, s), 3.90 (3H, s), 7.19 (1H, d, J = 7.8 Hz), 8.28 (1H, d, J = 7.8 Hz); 13C-NMR (100MHz, 
CDCl3) δ (ppm): 24.3, 27.7, 52.3, 84.0, 115.9, 122.0, 142.0, 150.8, 155.7, 162.7, 164.1; FABMS m/z: 268 
(M + H)+, 168 (100%); Anal. Calcd C13H17NO5: C, 58.42; H, 6.41; N, 5.24. Found: C, 58.33; H, 6.44; N, 
5.22. 
 
Ethyl (N-benzyl-1-hydroxy-4-methoxy-2,7-dioxo-6-oxa-3-aza-bicyclo[3.2.1]oct-8-yl)-acetate (120c) 
and Methyl N-benzyl-3,5-dihydroxy-4-(ethoxycarbonyl)methyl-6-methoxy-piperidine-3-carboxylate 
(121) 
N
O O
O
HO
EtO2C
Bn
120c OMe
N
CO2Me
OHO
EtO2C
Bn
OMe121
HO
 
MCPBA (recrystallized from dichloromethane, 125 mg, 0.724 mmol) was added to a solution of 111c (100 
mg, 0.288 mmol) in methanol (6.0 mL) at ambient temperature and the mixture was stirred at 60˚C for 1 h. 
After being cooled to room temperature, saturated aqueous NaHCO3 was added and methanol was 
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evaporated. The mixture was extracted with diethyl ether and combined ether layer was washed with 
saturated aqueous Na2SO3 and brine, dried over anhydrous MgSO4 and evaporated. The residue was 
purified by silica gel column chromatography (ethyl acetate : hexane = 2:3) to afford 120c (35.7 mg, 34%) 
and 121 (37.0 mg, 32%). 
120c: Mp 108-110˚C (white prisms from diethyl ether); IR ν (film) cm−1: 3423, 2937, 1807, 1732, 1682, 
1232, 1080; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.27 (3H, t, J = 7.2 Hz), 2.40 (1H, dd, J = 17.4, 11.3 Hz), 
2.84 (1H, dd, J = 17.4, 3.9 Hz), 3.24 (1H, dd, J = 11.3, 3.9 Hz), 3.45 (3H, s), 4.10-4.22 (3H, m), 4.41 (1H, d, 
J = 2.6 Hz), 4.53 (1H, br-s), 4.79 (1H, d, J = 2.6 Hz), 5.26 (1H, d, J = 14.8 Hz), 7.11-7.37 (5H, m); 
13C-NMR (100MHz, CDCl3) δ (ppm): 14.1, 29.5, 39.2, 46.4, 57.2, 61.1, 73.5, 76.8, 86.4, 127.9, 128.0, 
128.9, 134.5, 165.8, 170.6, 171.1; MS m/z: 363 (M+, 13%), 157, 91 (100%); Anal. Calcd C18H21NO7: C, 
59.50; H, 5.83; N, 3.85. Found: C, 59.43; H, 5.88; N, 3.86. 
121: Mp 111-112˚C (white needles from dichloromethane-diethyl ether); IR ν (film) cm−1: 3445, 2955, 
1732, 1659, 1248, 1203, 1097; 1H-NMR (400MHz, CDCl3) δ (ppm) (4:1 mixture of diastereomers): 1.26 
(2.4H, t, J = 7.2 Hz), 1.27 (0.6H, t, J = 6.6 Hz), 2.35 (0.2H, d, J = 10.8 Hz), 2.36 (0.8H, dd, J = 16.8, 9.7 
Hz), 2.66 (0.8H, dd, J = 16.8, 2.5 Hz), 2.82 (0.8H, br-d, J = 11.7 Hz), 2.91 (0.2H, dd, J = 17.3, 9.7 Hz), 
3.02 (0.2H, dd, J = 17.3, 2.5 Hz), 3.12 (1H, ddd, J = 11.7, 9.7, 2.5 Hz), 3.28 (0.6H, s), 3.61 (2.4H, s), 3.73 
(0.6H, s), 3.80 (2.4H, s), 4.10 (0.8H, d, J = 15.0 Hz), 4.15 (2H, m), 4.22 (1H, br-td, J = 11.7, 3.2 Hz), 4.36 
(0.2H, d, J = 14.8 Hz), 4.45 (0.2H, d, J = 3.6 Hz), 4.48 (0.8H, d, J = 3.2 Hz), 5.09 (0.2H, d, J = 14.8 Hz), 
5.42 (0.8H, d, J = 15.0 Hz), 7.20-7.37 (5H, m); MS m/z: 395 (M+, 3.2%), 363, 318, 265 (100%), 189, 91; 
Anal. Calcd C19H25NO8: C, 57.71; H, 6.37; N, 3.54. Found: C, 57.58; H, 6.35; N, 3.53. 
 
Methyl 4-(ethoxycarbonyl)methyl-3-hydroxy-2-oxo-1,2,3,4-tetrahydropyridine-3-carboxylate (111d) 
N
H
CO2Me
OH
EtO2C
O  
TFA (1.45 mL, 19.5 mmol) was added to a solution of 111b (700 mg, 1.96 mmol) in dichloromethane (25.0 
mL) at 0˚C and the mixture was stirred for 1 h at the same temperature. The reaction was quenched with 
saturated aqueous NaHCO3 at 0˚C and the mixture was extracted with ethyl acetate. Combined organic 
layer was dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel column 
chromatography (ethyl acetate : hexane = 3:2) to afford 111d (333 mg, 66%) as a white solid. 
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Mp 147-150˚C (white needles from benzene); IR ν (film) cm−1: 3321, 1732, 1693, 1660, 1231, 1148; 
1H-NMR (400MHz, CDCl3) δ (ppm): 1.27 (3H, t, J = 7.2 Hz), 2.45 (1H, dd, J = 16.1, 11.2 Hz), 2.85 (1H, 
dd, J = 16.1, 3.8 Hz), 3.34 (1H, m), 3.76 (3H, s), 4.17 (2H, q, J = 7.2 Hz), 4.29 (1H, s), 5.09 (1H, d, J = 7.6 
Hz), 6.07 (1H, m), 7.32 (1H, s); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.2, 33.3, 38.7, 53.0, 60.8, 75.7, 
108.6, 123.3, 168.8, 169.1, 171.6; MS m/z: 239 [(M − H2O)+, 86%], 198, 152 (100%), 124; Anal. Calcd 
C11H15NO6: C, 51.36; H, 5.88; N, 5.44. Found: C, 51.33; H, 5.87; N, 5.48. 
 
Ethyl (1-hydroxy-4-methoxy-2,7-dioxo-6-oxa-3-aza-bicyclo[3.2.1]oct-8-yl)-acetate (120d) 
NH
O O
O
HO
EtO2C
OMe 
MCPBA (recrystallized from dichloromethane, 200 mg, 0.724 mmol) was added to a solution of 111d (100 
mg, 0.389 mmol) in dichloromethane-methanol (2:1, 9.0 mL) at ambient temperature and the mixture was 
stirred at 40˚C for 2 h. After being cooled to room temperature, saturated aqueous NaHCO3 was added and 
Methanol was evaporated. The mixture was extracted with diethyl ether and combined ether layer was 
washed with saturated aqueous Na2SO3 and brine, dried over anhydrous MgSO4 and evaporated. The 
residue was purified by silica gel column chromatography (ethyl acetate : hexane = 3:2) to afford 120d 
(35.7 mg, 34%) as a viscous oil. 
IR ν (film) cm−1:3314, 2982, 1809, 1732, 1699, 1259, 1196, 1084; 1H-NMR (400MHz, CDCl3) δ (ppm): 
1.28 (3H, t, J = 7.2 Hz), 2.41 (1H, dd, J = 17.2, 10.8 Hz), 2.83 (1H, dd, J = 17.4, 4.4 Hz), 3.28 (1H, dd, J = 
10.8, 4.4 Hz), 3.51 (3H, s), 4.13-4.23 (2H, m), 4.28 (1H, br-s), 4.79 (2H, m), 7.10 (1H, br-s); 13C-NMR 
(100MHz, CDCl3) δ (ppm): 14.2, 29.7, 39.7, 56.5, 61.2, 75.3, 76.8, 84.3, 167.2, 170.5, 171.0; FABMS m/z: 
274 (M + H)+, 154 (100%), 228, 136; HRMS [FAB] (M + H)+ Calcd C11H15NO6: 274.0927. Found. 
274.0933. 
 
Ethyl (N-benzyl-1-hydroxy-4-phenylthio-2,7-dioxo-6-oxa-3-aza-bicyclo[3.2.1]oct-8-yl)-acetate (β-122) 
and (α-122) 
N
O O
O
HO
EtO2C
Bn
SPhα-122
N
O O
O
HO
EtO2C
Bn
SPh
β-122
H
H
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Thiophenol (36 µL, 0.351 mmol) and Sc(OTf)3 (71.0 mg, 0.144) were added successively to a solution of 
120c (50.0 mg, 0.138 mmol) in anhydrous acetonitrile (3.0 mL) at room temperature and the mixture was 
stirred at 60˚C for 1 h. After being cooled to room temperature, the mixture was diluted with diethyl ether 
and saturated aqueous NaHCO3 was added. The mixture was extracted with diethyl ether and combined 
organic layer was dried over anhydrous MgSO4 and evaporated. The residue was purified by silica gel 
column chromatography (ethyl acetate : hexane = 1:2) to afford β-122 (19.8 mg, 33%) as a colorless 
viscous oil and α-122 (10.0 mg, 16%) as a yellow solid. 
β-122: IR ν (film) cm−1: 3425, 2926, 1807, 1732, 1674, 1229, 1146; 1H-NMR (600MHz, CDCl3) δ (ppm): 
1.24 (3H, t, J = 7.2 Hz), 2.45 (1H, dd, J = 17.6, 10.8 Hz), 2.72 (1H, dd, J = 10.8, 3.6 Hz), 2.83 (1H, dd, J = 
17.6, 3.6 Hz), 4.10-4.18 (2H, m), 4.32 (1H, d, J = 14.7 Hz), 4.48 (1H, br-s), 4.77 (1H, d, J = 3.0 Hz), 5.00 
(1H, d, J = 3.0 Hz), 5.45 (1H, d, J = 14.7 Hz), 6.84-7.45 (10H, m); 13C-NMR (150MHz, CDCl3) δ (ppm): 
14.0, 29.6, 43.9, 46.9, 61.3, 70.2, 75.5.3, 78.0, 128.1, 128.2, 128.9, 129.7, 132.2, 133.4, 134.5, 165.7, 170.4, 
170.9; MS m/z: 441 (M+, 0.6%), 332 (100%), 286, 91; HRMS Calcd C23H23NO6S: 441.1246, Found: 
433.1239. 
α-122: Mp 120-121˚C (colorless plates from dichloromethane-hexane); IR ν (film) cm−1: 3425, 2926, 1807, 
1732, 1682, 1225, 1144; 1H-NMR (600MHz, CDCl3) δ (ppm): 1.29 (3H, t, J = 7.2 Hz), 2.40 (1H, dd, J = 
17.3, 11.1 Hz), 2.87 (1H, dd, J = 17.3, 3.8 Hz), 3.39 (1H, dd, J = 11.1, 3.8 Hz), 4.17-4.27 (2H, m), 4.40 (1H, 
d, J = 14.7 Hz), 4.44 (1H, s), 4.54 (1H, d, J = 2.7 Hz), 4.83 (1H, d, J = 2.7 Hz), 5.57 (1H, d, J = 14.7 Hz), 
7.05-7.47 (10H, m); 13C-NMR (150MHz, CDCl3) δ (ppm): 14.2, 30.0, 39.6, 47.4, 61.2, 68.3, 76.6, 76.8, 
128.0, 128.4, 129.1 129.5, 129.8, 130.5, 134.2, 134.4, 165.7, 170.5, 170.9; MS m/z: 441 (M+, 2.1%), 332 
(100%), 286, 91. Anal. Calcd C23H23NO6S: C, 58.34; H, 4.90; N, 2.96. Found: C, 58.36; H, 5.04; N, 2.96. 
 
Ethyl (N-benzyl-1-hydroxy-4-benzenesulfonyl-2,7-dioxo-6-oxa-3-aza-bicyclo[3.2.1]oct-8-yl)-acetate 
(123) 
N
O O
O
HO
EtO2C
Bn
SO2Ph 
MCPBA (36.0 mg, 0.208 mmol) was added to a solution of β-122 (35.0 mg, 0.0793 mmol) in 
dichloromethane at 0˚C and the mixture was stirred at ambient temperature for 4 h. The mixture was diluted 
with diethyl ether and saturated aqueous NaHCO3 and saturated aqueous Na2S2O3 was added. The mixture 
was extracted with diethyl ether and combined organic layer was dried over anhydrous MgSO4 and 
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evaporated. The residue was purified by silica gel column chromatography (ethyl acetate : hexane = 2:3) to 
afford 123 (37.2 mg, 100%). 
Mp 187-191˚C (colorless prisms from dichloromethane-hexane); IR ν (film) cm−1: 3427, 2983, 1809, 1732, 
1632, 1416, 1312, 1211, 1130; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.21 (3H, t, J = 7.2 Hz), 2.32 (1H, dd, 
J = 17.4, 10.8 Hz), 2.44 (1H, dd, J = 10.8, 3.4 Hz), 2.71 (1H, dd, J = 17.4, 3.4 Hz), 4.10 (2H, q, J = 7.2 Hz), 
4.31 (1H, br-s), 4.70 (1H, d, J = 3.6 Hz), 4.72 (1H, d, J = 14.4 Hz), 5.16 (1H, d, J = 3.6 Hz), 5.70 (1H, d, J 
= 14.4 Hz), 7.28-8.00 (10H, m); 13C-NMR (100MHz, CDCl3) δ (ppm): 14.1, 28.9, 43.7, 48.3, 61.4, 73.2, 
75.8, 78.4, 129.0, 129.2, 129.3, 129.9, 133.8, 135.0, 135.9, 166.9, 168.2, 170.2; MS m/z: 428 (M+−OEt, 
1.6%), 332 (M+−SO2Ph, 47%), 91 (100%); Anal. Calcd C23H23NO8S: C, 62.57; H, 5.25; N, 3.17. Found: C, 
62.60; H, 5.43; N, 3.16. 
 
Benzyl N-benzyl-4-(ethoxycarbonyl)methyl-2-oxo-3,5,6-trihydroxy-piperidine-3-carboxylate (124) 
N
CO2Bn
OHO
EtO2C
OHHO
Bn
 
OsO4 (0.05 M THF solution, 90 µL, 0.005 mmol) was added to a solution of NMO (33 mg, 0.28 mmol) in 
THF (2.5 mL) and water (2.5 mL) at ambient temperature. Then, a solution of 111b (100 mg, 0.236 mmol) 
was added and the mixture was warmed to 35˚C. After being stirred for 10 h, saturated aqueous Na2SO3 
was added and the mixture was stirred for additional 20 min. The mixture was extracted with diethyl ether 
and the combined organic solution was dried over anhydrous MgSO4 and evaporated. The residue was 
purified by silica gel column chromatography (ethyl acetate : hexane = 1:1) to afford 124 (72 mg, 67%). 
Mp 128-131˚C (white plates from ethyl acetate-hexane); IR ν (film) cm−1: 3418, 2982, 1732, 1651, 1452, 
1244, 1196, 1161, 1099; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.25 (3H, t, J = 7.0 Hz), 2.32 (1H, dd, J = 
16.6, 9.4 Hz), 2.68 (1H, dd, J = 16.6, 2.4 Hz), 3.03 (1H, ddd, J = 11.8, 9.4, 2.4 Hz), 3.54 (1H, d, J = 16.6, 
4.0 Hz), 3.56 (1H, d, J = 9.2 Hz), 4.06-4.21 (4H, m), 4.27 (1H, s), 4.78 (1H, t, J = 4.0 Hz), 5.19 (1H, d, J = 
12.2 Hz), 5.25 (1H, d, J = 12.2 Hz), 5.26 (1H, d, J = 15.2 Hz), 7.07-7.40 (10H, m); 13C-NMR (100MHz, 
CDCl3) δ (ppm): 14.1, 32.5, 39.1, 48.0, 61.4, 68.0, 68.6, 77.6, 79.2, 127.6, 127.8, 128.5, 128.6, 128.7, 
128.8, 134.2, 135.8, 168.3, 169.9, 173.9; MS m/z: 439 [(M−H2O)+, 3.7%], 348, 91 (100%); Anal. Calcd 
C24H27NO8: C, 63.01; H, 5.95; N, 3.06. Found: C, 62.72; H, 5.94; N, 2.99. 
 
Benzyl 4-benzyl-7-(ethoxycarbonyl)methyl-6-hydroxy-2,5-oxo-hexahydro-[1,3]dioxolo[4,5-b] 
 120
pyridine-6-carboxylate (125) 
N
CO2Bn
OHO
EtO2C
Bn
OO
O  
1,1’-carbonyldiimidazole (21 mg, 0.13 mmol) was added to a solution of 124 (49.2 mg, 0.108 mmol) in 
anhydrous dichloromethane (2.0 mL) at 0˚C and the mixture was stirred for 0.5 h. The solvent was 
evaporated and the residue was purified by silica gel column chromatography (ethyl acetate : hexane = 1:2) 
to afford 125 (45.2 mg, 87%) as a colorless oil. 
IR ν (film) cm−1: 3443, 2984, 1823, 1732, 1682, 1371, 1259, 1159, 1059; 1H-NMR (400MHz, CDCl3) 
δ (ppm): 1.25 (3H, t, J = 7.2 Hz), 2.49 (1H, dd, J = 15.6, 6.4 Hz), 2.71 (1H, dd, J = 15.6, 5.6 Hz), 2.87 (1H, 
m), 4.10-4.17 (3H, m), 4.45 (1H, s), 5.05 (1H, dd, J = 10.4, 7.0 Hz), 5.06 (1H, d, J = 11.8 Hz), 5.21 (1H, d, 
J = 11.8 Hz), 5.45 (1H, d, J = 14.8 Hz), 5.52 (1H, d, J = 7.0 Hz), 7.14-7.37 (10H, m); 13C-NMR (100MHz, 
CDCl3) δ (ppm): 14.0, 32.3, 41.0, 47.8, 61.2, 68.9, 74.0, 75.7, 82.9, 128.4, 128.5, 128.7, 128.9, 129.0, 
129.1, 133.7, 133.9, 151.0, 167.2, 168.6, 170.1; MS m/z: 483 (M+, 0.9%), 392 (100%), 91; HRMS Calcd 
C25H25NO9: 483.1529. Found: 483.1519. 
 
Methyl N-tert-butoxycarbonyl-5-(ethoxycarbonyl)methyl-4-hydroxy-3-oxo-7-oxa-2-aza- 
bicyclo[4.1.0]heptane-4-carboxylate (117b) 
N
CO2Me
OH
EtO2C
O
Boc
O
 
OxoneR (6.80 g, 11.1 mmol) was added to a suspension of NaHCO3 (4.00 g, 47.6 mmol) in acetone (24 mL) 
and water (16 mL) at ambient temperature. After being stirred for 5 min, a solution of 111b (500 mg, 1.40 
mmol) in dichloromethane (16 mL) was added to the mixture and stirred at the same temperature for 1.5 h. 
Saturated aqueous Na2S2O3 was added to the mixture and stirred for additional 10 min. The aqueous layer 
was extracted with diethyl ether and the combined organic solution was dried over anhydrous MgSO4 and 
evaporated. The residue was purified by silica gel column chromatography (ethyl acetate : hexane = 1:2) to 
afford 117b (280 mg, 54%). 
Mp 125-128˚C (white needles from dichloromethane-hexane) ; IR ν (film) cm−1: 3443, 2982, 1790, 1732, 
1285, 1252, 1157; 1H-NMR (400MHz, CDCl3) δ (ppm): 1.28 (3H, t, J = 7.0 Hz), 1.58 (9H, s), 2.61 (1H, dt, 
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J = 11.1, 3.1 Hz), 2.69 (1H, dd, J = 15.7, 11.1 Hz), 2.90 (1H, dd, J = 15.7, 3.1 Hz), 3.45 (1H, dd, J = 3.8, 
3.1 Hz), 3.80 (3H, s), 4.20 (2H, m), 4.40 (1H, s), 4.79 (1H, d, J = 4.0 Hz); 13C-NMR (100MHz, CDCl3) 
δ (ppm): 14.2, 27.9, 33.0, 40.9, 53.5, 53.9, 60.9, 61.1, 76.9, 85.7, 149.5, 168.1, 168.4, 170.8; FABMS m/z: 
374 (M + H)+, 274 (100%), 228, 154, 57; Anal. Calcd C16H23NO9: C, 51.47; H, 6.21; N, 3.75. Found: C, 
51.18; H, 6.35; N, 3.79. 
 
Methyl N-tert-butoxycarbonyl-5-(ethoxycarbonyl)methyl-4-trimethylsilyloxy-3-oxo-7-oxa- 
2-aza-bicyclo[4.1.0]heptane-4-carboxylate (131) 
N
CO2Me
OTMS
EtO2C
O
Boc
O
 
TMSCN (1.60 mL, 12.8 mmol) was added to a solution of 117b (470 mg, 1.26 mmol) in THF (8.0 mL) at 
room temperature and warmed to reflux. After being stirred for 6.5 h, the mixture was diluted with diethyl 
ether, phosphate buffer solution (pH 6.86) was added. Stirring was continued for 40 min and the aqueous 
layer was extracted with diethyl ether. The combined organic solution was dried over anhydrous MgSO4 
and concentrated in vacuo. The residue was purified by silica gel column chromatography (ethyl 
acetate : hexane = 1:3) to afford 131 (453 mg, 81%). 
Mp 105-107˚C (colorless plates from diethyl ether-hexane); IR ν (film) cm−1: 2926, 1809, 1732, 1693, 
1250, 1082; 1H-NMR (400MHz, CDCl3) δ (ppm): 0.17 (9H, s), 1.29 (3H, t, J = 7.2 Hz), 1.57 (9H, s), 2.47 
(1H, dd, J = 16.7, 11.2 Hz), 2.61 (1H, dt, J = 11.2, 3.8 Hz), 2.91 (1H, dd, J = 16.7, 3.8 Hz), 3.21 (1H, t, J = 
4.0 Hz), 3.79 (3H, s), 4.20 (2H, q, J = 7.2 Hz), 4.76 (1H, d, J = 3.8 Hz); 13C-NMR (100MHz, CDCl3) 
δ (ppm): 1.6, 14.1, 27.9, 33.2, 42.9, 53.0, 53.1, 60.7, 61.0, 79.8, 84.8, 149.8, 167.6, 169.2, 171.1; MS m/z: 
445 (M+, 1.6%), 330 (100%); Anal. Calcd C19H31NO9Si: C, 51.22; H, 7.01; N, 3.14. Found: C, 50.96; H, 
6.93; N, 3.16. 
 
Procedure for Scheme 64 
To a solution of 38b-SKA (100 mg, 0.219 mmol) in anhydrous acetonitrile (4.5 mL) was added KF (38.0 
mg, 0.413 mmol), 18-crown-6 (70.0 mg, 0.265 mmol), and oxaziridine 110 (68.0 mg, 0.260 mmol) 
successively at ambient temperature. The mixture was warmed to 30˚C and stirred for 6.5 h. The mixture 
was diluted with diethyl ether, saturated aqueous NaHCO3 was added. The mixture was extracted with 
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diethyl ether. The combined organic solution was dried over anhydrous MgSO4 and concentrated in vacuo. 
The residue was purified by silica gel column chromatography (ethyl acetate : hexane = 1:3) to afford 111b 
(43.4 mg, 55%). 
 
Methyl 4-(ethoxycarbonyl)methyl-5-hydroxy-6-methyl-2-oxo-3-trimethylsilyloxy-piperidine-3- 
carboxylate (132) 
NH
CO2Me
OTMSO
EtO2C
MeHO  
Me3Al (1.07 M hexane solution, 8.80 mL, 9.42 mmol) were added to a solution of 131 (700 mg, 1.57 
mmol) in anhydrous dichloromethane (25 mL) at −40˚C. After being stirred for 2.5 h, 25% aqueous NH3 
solution was added at −40˚C and slowly warmed to room temperature and inorganic precipitate was filtered 
through a pad of CeliteR. The filtrate was concentrated in vacuo and the residue was purified by silica gel 
column chromatography (ethyl acetate : hexane = 3:2) to afford 132 (413 mg, 73%) as a colorless viscous 
oil. 
IR ν (film) cm−1: 3335, 2957, 1732, 1682, 1248, 1184; 1H-NMR (400MHz, CDCl3) δ (ppm): 0.18 (9H, s), 
1.28 (6H, m), 2.34 (1H, dd, J = 17.0, 9.9 Hz), 2.68 (1H, td, J = 9.9 2.9 Hz), 2.86 (1H, dd, J = 17.0, 2.9 Hz), 
3.31 (1H, d, J = 8.1 Hz), 3.73 (4H, m), 4.11 (1H, ddd, J = 9.9, 8.1, 5.4 Hz), 4.17 (2H, q, J = 7.1 Hz), 6.43 
(1H, br-s); 13C-NMR (100MHz, CDCl3) δ (ppm): 1.9, 14.2, 16.4, 32.6, 43.2, 50.7, 52.7, 61.3, 68.3, 79.5, 
168.4, 170.0, 174.5; MS m/z: 361 (M+, 2.5%), 346 (100%), 149; HRMS Calcd C15H27NO7Si: 361.1557. 
Found: 361.1528. 
 
Methyl 4-(ethoxycarbonyl)methyl-6-methyl-3-trimethylsilyloxy-2,5-dioxo-piperidine-3-carboxylate 
(133) 
NH
CO2Me
OTMSO
EtO2C
MeO  
A solution of 132 (403 mg, 1.11 mmol) was added to a suspension of PDC (680 mg, 1.81 mmol) in 
anhydrous dichloromethane (25 mL) in the presence of MS3Å (2.00 g) at ambient temperature. The 
mixture was warmed to reflux and stirred for 4 h. After being cooled to room temperature and diluted with 
diethyl ether, FlorisilR was added and stirring was continued for 10 min. The solid reagent was filtered 
through a pad of CeliteR, the filtrate was evaporated. The residue was purified by silica gel column 
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chromatography (ethyl acetate : hexane = 3:2) to afford 133 (277 mg, 69%) as a white solid. 
Mp 142-143˚C (colorless prism from diethyl ether-hexane); IR ν (film) cm−1: 3217, 3105, 2959, 1732, 1693, 
1294, 1248, 1205; 1H-NMR (400MHz, CDCl3) δ (ppm): 0.21 (9H, s), 1.28 (3H, t, J = 7.0 Hz), 1.44 (1H, d, 
J = 7.2 Hz), 2.50-2.60 (2H, m), 3.58 (1H, dd, J = 7.2 5.2 Hz), 3.72 (3H, s), 4.13-4.21 (3H, m), 6.28 (1H, 
br-s); 13C-NMR (100MHz, CDCl3) δ (ppm): 2.1, 14.2, 19.5, 28.5, 51.9, 53.1, 57.2, 60.9, 79.4, 169.0, 169.3, 
171.5, 202.9; MS m/z: 344 [(M−Me)+, 33%], 218 (100%), 135; Anal. Calcd C15H25NO7: C, 50.12; H, 7.01; 
N, 3.90. Found: C, 50.00; H, 6.89; N, 3.90. 
 
Ethyl (4-methyl-1-trimethylsilyloxy-2,7-dioxo-6-oxa-3-aza-bicyclo[3.2.1]oct-8-yl)-acetate (134) 
NH
O O
O
TMSO
EtO2C
Me  
NaBH4 (3.5 mg, 0.093 mmol) was added to a solution of 133 (20.0 mg, 0.0556 mmol) in methanol (3.0 
mL) at −40˚C. After being stirred for 2 h, the reaction was quenched with acetone and stirring was 
continued for 15 min. The mixture was allowed to warm to room temperature, then water, diethyl ether 
added and stirred for 20 min. The aqueous layer was extracted with diethyl ether and the combined organic 
layer was dried over anhydrous MgSO4 and concentrated in vacuo. The residue was purified by silica gel 
column chromatography (ethyl acetate : hexane = 1:1) to afford 134 (7.2 mg, 39%) and 132 (3.0 mg, 15%). 
134: colorless oil; IR ν (film) cm−1: 3315, 3229, 2959, 1800, 1732, 1697, 1269; 1H-NMR (600MHz, 
CDCl3) δ (ppm): 0.24 (9H, s), 1.29 (3H, t, J = 6.9 Hz), 1.36 (2H, d, J = 6.9 Hz), 2.35 (1H, dd, J = 17.4, 
10.8 Hz), 2.78 (1H, dd, J = 17.4, 3.6 Hz), 3.01 (1H, dd, J = 10.8, 3.6 Hz), 3.68 (1H, qt, J = 6.6, 1.8 Hz), 
4.16-4.21 (2H, m), 4.50 (1H, t, J = 1.8 Hz), 6.32 (1H, br-s), 8.21 (1H, br-s); 13C-NMR (150MHz, CDCl3) 
δ (ppm): 2.1, 14.2, 18.9, 30.1, 41.0, 52.3, 61.1, 79.2, 79.3, 166.7, 171.1, 171.3; MS m/z: 329 (M+, 0.6%), 
314 [(M −Me)+, 100%], 126; HRMS (M −Me)+ Calcd C13H20NO6Si: 314.1060. Found: 314.1052. 
 
Ethyl (1-hydroxy-4-methyl-2,7-dioxo-6-oxa-3-aza-bicyclo[3.2.1]oct-8-yl)-acetate (65d) 
NH
O O
O
HO
EtO2C
Me  
46% aqueous solution of HF (60 µL) was added to a solution of 134 (18.1 mg, 0.0549 mmol) in acetonitrile 
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(2.0 mL) at 0˚C. After being stirred for 2.5 h, the mixture was neutralized with saturated aqueous NaHCO3 
solution and extracted with diethyl ether. The organic solution was dried over anhydrous MgSO4 and 
evaporated. The residue was purified by silica gel column chromatography (ethyl acetate : hexane = 2:1) to 
afford 65d (7.9 mg, 56%) as a colorless oil. 
IR ν (film) cm−1: 3315, 2926, 1800, 1732, 1682, 1259, 1148; 1H-NMR (600MHz, DMSO-d6) δ (ppm): 1.18 
(3H, t, J = 7.2 Hz), 1.19 (2H, d, J = 6.9 Hz), 2.32 (1H, dd, J = 17.4, 10.1 Hz), 2.54 (1H, dd, J = 17.4, 4.7 
Hz), 2.93 (1H, dd, J = 10.1, 4.7 Hz), 3.68 (1H, qt, J = 6.9, 1.8 Hz), 4.08 (2H, m), 4.62 (1H, t, J = 1.8 Hz), 
6.26 (1H, s), 8.21 (1H, br-s); 13C-NMR (150MHz, DMSO-d6) δ (ppm): 13.5, 17.6, 29.5, 38.4, 50.9, 59.8, 
75.8, 78.6, 165.1, 170.0, 171.9; MS m/z: 257 (M+, 88%), 198 (100%), 126; HRMS Calcd C11H15NO6: 
257.0899. Found: 257.0879. 
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